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1.1     Amphiphilic compounds 
Amphiphilic compounds possess a hydrophobic structural part (usually one or two alkyl 
chains) as well as a hydrophilic region (an ionic, zwitter-ionic or uncharged polar head 
group). They form a major class of compounds, i.e. amphiphilic phospholipids are the 
major component of biological membrane systems. The biphasic character of these 
traditional low molecular weight amphiphiles makes them useful compounds in the 
development of e.g. cosmetic products and drug delivery vehicles.  
In an aqueous environment, amphiphiles can form a variety of architectures by self-
assembly, thereby positioning their polar head groups towards the surrounding aqueous 
medium and their apolar chains towards each other, defining a non-polar region shielded 
from the aqueous medium by the head groups. The aggregation of the amphiphilic 
molecules in water is generally considered to be driven by the hydrophobic effect.1 
Figure 1.1 shows some of the variety of structures that can be formed by amphiphiles; 
the structure that is actually formed can be predicted by calculating the packing 
parameter P of the amphiphile, relating the volume of the molecule to its length and the 
head group area.2 This theoretical model was developed by Israelachvili3 and proved in 
many cases to correspond well with experimental results. 
  
a b c
d e
 
 
Figure 1.1 Schematic representation (cross sections) of the various architectures formed by 
amphiphilic molecules. (a) spherical micelle (P < 0.33), (b) micellar rod (0.33 - 0.5), (c) planar 
bilayer (P = 1.0), (d) reverse micelle(P > 1.0) and (e) vesicle (P = 0.5 - 1.0). 
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Because several interactions (e.g. hydrogen bonding, repulsive or attractive charges) or 
structural elements (e.g. rigid helical structures) in amphiphilic molecules that have been 
studied through the years, are not included in the theory of Israelachvilli, in some cases 
the aggregation behavior of amphiphiles deviates from this model.4 More sophisticated 
models have therefore been developed, providing a rationale for the complex self-
assembly of the variety of low molecular weight amphiphiles reported to date.5 
 
1.2     Polymer based amphiphiles 
1.2.1    Amphiphilic block copolymers 
Block copolymers exhibit a wide range of morphologies caused by phase separation of the 
different blocks in the bulk, on the air-water interface or in solution. Amphiphilic 
diblock copolymers (also referred to as superamphiphiles) consist of two polymer blocks, 
one being hydrophilic and the other hydrophobic. Like their low molecular counterparts 
they tend to self-assemble into a large variety of morphologies in a solvent selective for 
one of the two blocks. The self-assembly of these large molecular weight amphiphiles is 
generally considered to be driven by microphase separation of the insoluble blocks and 
depends strongly on the structure of the macromolecule.6 
As mentioned above, the main factor controlling the morphology is the structure of the 
block copolymer: i.e., the chemical composition of the blocks, their conformation, but 
also the total chain length and the relative chain length of the separate blocks.  It was first 
shown by Eisenberg et al. that this relative chain length of both polymer blocks can 
already largely control the aggregation process.7  In these studies, the influence of the 
ratio between corona and core forming blocks on the morphology of so-called crew-cut 
aggregates (relatively small corona forming blocks, Figure 1.3) was demonstrated by the 
preparation of polystyrene-b-poly(acrylic acid) diblock copolymers (PS-PAA) with 
varying block-lengths and the aggregation behavior in aqueous dispersion was 
subsequently investigated. Figure 1.2 shows the aggregates formed by the PS-PAA 
diblock copolymers. The free energy of aggregation of these amphiphiles can be divided 
in three components: core-chain stretching, interfacial energy and intercoronal chain 
interactions.8 With relatively large corona forming blocks (PAA), the curvature radius is 
small and spherical micelles will be preferably formed (Figure 1.2a). With decreasing 
water soluble block length, the repulsive interactions between the corona blocks will 
decrease and, as a result, more polymers will assemble into the aggregate and therefore, 
larger micelles will be formed. However, the spherical micelles will only grow to a 
certain maximum, after which the entropic loss in the core of the aggregate by chain-
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stretching will favour the formation of cylindrical micelles that have a greater curvature 
radius (Figure 1.2b). The same principle described above will cause the diameter of the 
rods to increase with decreasing corona-block length and due to entropy loss at a certain 
maximum rod-size, vesicles will be formed (Figure 1.2c).9 
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Figure 1.2 TEM-pictures of the aggregates formed by polystyrene-b-poly(acrylic acid) diblock 
copolymers in aqueous solutions. (a) spherical micelles formed by PS500-b-PAA58 (ratio(PS/PAA) : 9/1), 
(b)  rodlike micelles formed by PS180-b-PAA15 (ratio(PS/PAA): 12/1), (c) vesicles formed by PS410-b-
PAA20  (ratio(PS/PAA): 21/1), (d) compound micelles formed by PS200-b-PAA4(ratio(PS/PAA): 50/1).
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Figure 1.3 Schematic representation of a block copolymer showing core and corona block 
volumes (respectively VA and VB) and curvature radius R. 
 
The example above describes how large the influence of the relative block-length of the 
amphiphilic macromolecules can be. Also many other factors play a role, like the 
polymer concentrations, the temperature, the addition of small-molecular weight 
compounds and the solvent conditions.10,11,12 Aggregates formed by diblock copolymers 
(e.g. polystyrene-b-polyacrylic acid, polystyrene-b-poly(N-ethylvinylpyridine bromide) 
and polystyrene-b-poly(ethyleneoxide)) have been studied in detail by Eisenberg and co-
workers. The aggregate structure and size as a function of changes in the environmental 
conditions, as well as structural differences, were investigated.13,14 Figure 1.4 shows an 
overview of the various morphologies observed for block copolymer aggregates, 
illustrating the enormous diversity of the formed architectures. The low mobility of the 
block copolymer amphiphiles, in comparison with their low molecular weight 
counterparts, opens the possibility to freeze non-equilibrium structures; the various 
aggregate structures could be characterized in equilibrium, near-equilibrium and 
metastable morphologies and morphological phase diagrams could be determined.15,16,17 
 
The aggregation behavior of polystyrene-b-polyisocyanide rod-coil block copolymers has 
been extensively studied by Nolte et al., investigating the influence of the relative block-
lengths and the structure of the isocyanide monomer. In aqueous solution these 
superamphiphiles formed micelles, bilayers and vesicles, also depending on the pH of the 
solution. Miscellaneous chiral aggregation behavior has been found for polystyrene-b-
poly(isocyanoalanylalanine), which formed single handed helices upon dispersion, having 
a twist sense opposite to the handedness of the block copolymer itself.18  
 
Chapter 1 
 
6 
 
a b
d e f
h i jg
c
200 nm
200 nm
500 nm
500 nm 500 nm 500 nm
500 nm 500 nm 500 nm
500 nm
 
 
Figure 1.4 (a) branched short rods made from PS(240)-b-PEO(15), 5.5% water-DMF mixture;  
(b) spheres with protruding rods (LCRMs or “pincushions”) made from PS(240)-b-PEO(80,) 5.5% 
water/DMF; (c) interconnected tubular structure by PS(240)-b-PEO(15), 4.5% water/DMF; (d) 
vesicles with connected tubules made from PS(240)-b-PEO(15); (e) Porous spheres made from 
PS(240)-b-PEO(45), 5.5% water/DMF; (f) compound ribbon-like aggregates, THF/water, 
PBD(360)-b-PAA(16); (g) elongated vesicles, DMF/HCl PS(410)-b-PAA(13); (h) large compound 
vesicles (LCVs) DMF/HCl PS(410)-b-PAA(13); (i) spherical large compound vesicles (LCVs) 
DMF/HCl PS(410)-b-PAA(13; (j) Bowl-shaped structures, PAI(11)-b-PS(228)-b-PAI(11) in 
THF/water.19 
 
The examples of aggregation behavior mentioned above describe the enormous variety of 
possible morphologies in block copolymer self-assembling. The two most common 
morphologies will be described in more detail in the following section; i.e. spherical (and 
cylindrical) micelles and vesicles (polymersomes). Figure 1.5a and b show transmission 
electron micrographs of spherical micelles (poly(styrene-b-isoprene in DMF)20 and 
micellar tubes (poly(butadiene-b-ethylene oxide) in water), respectively.21 Polymer 
vesicles (polymersomes) range in size from relatively small with a diameter of 100 nm to 
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giant vesicles with sizes of several micrometers. Figure 1.5c shows an optical micrograph 
of giant polymer vesicles with a diameter up to 10 μm, which were formed by poly(2-
vinylpyridine-b-ethylene oxide) in water.22 
 
100 nm 500 nm 10 mμ
a b c
 
 
Figure 1.5 (a) and (b) Transmission electron micrographs and (c) optical micrograph of the 
three most frequent forms of self-organized diblock copolymers showing (a) spherical micelles, (b) 
cylindrical micelles and (c) vesicles. (Reproduced from Förster and Plantenberg22) 
 
1.2.2    Micellar structures from block copolymers 
Micelle formation is a simple and well-known example of the self-organization of 
polymers. The block copolymers organize into a micelle with a defined size and shape 
(mostly spherical), with the soluble blocks in the corona facing the solvent and the non-
soluble chains in the core of the micelle. The formation of micellar aggregates can be 
accomplished in different ways; for diblock copolymers with relatively long corona 
forming blocks compared to the core-blocks, star-like micelles8 can be prepared by 
dispersion of the materials in the appropriate non-solvent for the core forming blocks. 
For compounds with relatively small corona forming blocks, the formation of so-called 
crew-cut micelles can be accomplished by the solvation of the compound in a solvent 
appropriate for both blocks after which a second solvent selective for the corona-forming 
blocks is drop-wise added, to induce aggregation by the gradual phase-separation of the 
core-blocks.8  
As already explained in paragraph 1.2.1, the ratio between the two blocks has a large 
influence on the size of the micelle. This influence is described in more detail by the 
relationship in which Z (the number of block copolymers in a micelle) can be described 
by:22 
 
Z = Z0 NA
α NB
-β         (1.1) 
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Where NA is the degree of polymerization of the insoluble block and NB of the soluble 
block, α is 2 and β is 0.8. Z0 depends mainly on the enthalpy of mixing between the 
insoluble polymer block A and the solvent. 
Equation 1.1 is a tool to predict the aggregation number and the size of the micelles of a 
block copolymer system depending on the degrees of polymerization of the constituent 
blocks. This information is of relevance to the preparation of e.g. nano-colloids, porous 
ceramics, and drug-delivery systems. As was demonstrated by Eisenberg et al.in the 
example above, the block lengths can not only affect the size, but also the shape of the 
micelles. Block copolymers with large soluble B blocks form spherical micelles 
preferably, whereas cylindrical micelles result from smaller soluble blocks. Several 
reviews on block copolymer based micellar structures have been published.23 
Micellar polymer-architectures are interesting for many applications in e.g. industry or 
cosmetic products. The control on the molecular level is important to achieve the 
necessary properties for the intended purpose.24 An elegant example of structural control 
is the construction of micelles that can be transformed into their reversed form by 
changing the pH of the aqueous environment (Figure 1.6).25 Armes and coworkers 
prepared zwitter-ionic diblock copolymers (poly(4-vinyl benzoic acid-block-2-
(diethylamino)ethyl methacrylate), VBA-b-DEA) that formed micelles in aqueous 
environment and turned inside out upon changing the pH from 2 to 10 at ambient 
temperatures. 
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Figure 1.6 Tuneable micelles formed by the zwitter-ionic diblock copolymer poly(4-vinyl 
benzoic acid-block-2-(diethylamino)ethyl methacrylate). 
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 During the past years, research has been performed to investigate the possible tuning of 
e.g. the stability or material properties of these supramolecular architectures. Bates and 
coworkers developed wormlike cylindrical micelles from poly(ethyleneoxide)-b-
poly(butadiene), which could be cross-linked after preparation, without disrupting the 
micellar structure. The cross-linked micelles showed an interesting viscoelastic behavior 
in water. 26 
 
1.2.3    Vesicular structures from block copolymers 
Polymersomes (polymer-based vesicles) are spherical aggregates constructed from block 
copolymers organised in membranes, enclosing a hollow interior. These structures were 
first described in 19957,27 and since then many more examples were published. The 
typical hollow spherical form makes them ideal candidates for the development of nano-
reactors and drug-delivery systems. Vesicles generated from polymers (like 
polyethylene-b-polyethyleneoxide copolymers) are generally tougher than vesicles 
formed by their classic, small molecular weight counterparts and their membranes are 
less permeable.28 These structures are therefore considered to be more robust than the 
traditional vesicles derived from low-molecular weight amphiphiles. The lamellar phase 
and vesicular phase are structurally closely related, although vesicles are more stable due 
to their stabilization by the curvature energy, an energy factor originating from their 
spherical shape.29 The increase of the bending modulus of the block copolymer should 
result in a stronger tendency to form vesicles. Block copolymer amphiphiles with higher 
molecular weights and therefore higher bending modulus, should prefer the formation of 
vesicles in comparison with lower molecular weight block copolymers having a similar 
ratio of hydrophobic-hydrophilic block-length. This could be demonstrated by Eisenberg 
and coworkers with PS-b-PAA block copolymers. Whereas the higher molecular weight 
block copolymer spontaneously formed vesicles, the amphiphilic block copolymers with 
lower molecular weights formed preferably open bilayers and only a small amount of 
vesicles.30 
Block copolymer vesicles can be thermodynamically controlled systems. In block 
copolymer aggregates, due to the polydispersity, chains of different lengths will be 
unevenly distributed at the two sides of the bilayer, which will lead to vesicle 
formation.31 This segregation of polymer chains can also be used to thermodynamically 
stabilize polymersomes. Moreover, this uneven distribution makes it possible to 
preferentially segregate blocks on either the inside or outside of vesicles, which may have 
useful applications.32 Eisenberg and co-workers found that changing the water content of 
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a dioxane/water solution containing polystyrene-b-(polyacrylic acid) copolymer vesicles, 
resulted in a change of vesicle size by fusion and fission of vesicles.33 
Nolte and coworkers found that very stable vesicle dispersions are formed by 
polystyrene-poly(isocyanoalanine-thiophene) diblock copolymers (PS-PIAT) in 
THF/water mixtures (Figure 1.7). In this medium the polymersomes gradually increased 
in size over time from small vesicular structures to giant vesicles. The resulting vesicles 
with sizes up to even 5 μm proved to be very stable and robust. Moreover, the 
encapsulation of enzymes in these polymersomes was successfully shown, resulting in 
catalytically active polymer nanoreactors.34 
 
 
 
 
Figure 1.7 (a) Molecular structure of polystyrene-b-polyisocyanine-alanine-thiophene (PS-
PIAT). (b) Transmission electron micrograph of vesicles formed by PS-PIAT in THF/water. 
 
 
Kataoka and coworkers reported the preparation of stable polymer vesicles, by mixing 
blockcopolymers with opposite charges. The polymersomes that are formed have a 
semipermeable membrane based on a polyion complex (PIC) and are therefore named 
PICsomes.35 
 
Apart from the linear amphiphilic block copolymers that are described in the former 
section, a variety of other block copolymers have been described that are not a part of 
this overview, rod-coil,36 and coil-ring-coil37 blockcopolymers and dendritic block 
copolymers. 38 
 
A special class of block copolymers is formed by the combination of bio molecules (e.g. 
peptides) with synthetic polymers, the so-called biohybrid block copolymers. These 
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interesting biohybrids can be prepared via many different synthetic techniques: e.g. ring 
opening polymerization39, solid phase peptide synthesis40 or so-called click-chemistry.41 
 
1.2.4    Giant amphiphiles 
Macromolecular amphiphiles with a hydrophobic polymer tail and protein head-group, 
i.e. giant amphiphiles, are a relatively new class of biohybrid compounds. In principle a 
giant amphiphile is a diblock copolymer possessing a protein as one of the two polymer 
blocks (Figure 1.8). 
Giant amphiphiles can be formed by direct covalent attachment of the polymer to the 
protein e.g via a cycloaddition reaction41 or a reaction with a SH group on the surface of 
the protein.42 Another method is to functionalize a cofactor or ligand with a polymer tail 
after which this modified cofactor is reconstituted with the protein. The functionalization 
of a heme group with polymer tails and subsequent complex formation of this altered 
cofactor with apo-HRP has been reported.43 The use of polymers functionalized with 
biotin in combination with streptavidin or avidin for the preparation of giant amphiphiles 
has also been shown in a series of publications. 44,45 By making use of a Horse Radish 
Peroxidase (HRP) functionalized streptavidin complexed to polystyrene-biotin, 
catalytically active monolayers could be prepared via the biotin-streptavidin system.  
 
 
 
Figure 1.8 Computer generated models of (A) a classic amphiphile, (B) a diblock copolymer 
amphiphile and (C) a giant amphiphile. 
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1.3     Porphyrins and their use in functional systems 
1.3.1    Self-assembly of porphyrins 
Porphyrins are a group of compounds that all display a delocalised ring current 
originating from the 18 π electrons present in the large extended aromatic system of the 
macrocyclic compound. The structure of a porphyrin is depicted in Figure 1.9A; it shows 
that the molecules consist of four pyrrole units that are connected by methine bridges. 
The centre of the porphyrin ring can either be filled with two protons (free-base 
porphyrin), or with a variety of metal-centres coordinated to the nitrogen atoms 
(metalloporphyrin). The porphyrin ring can be functionalised on the methine bridges 
(the meso position) or the pyrrole units (the β-pyrrole position). One of the most 
frequently used substituents is a phenyl group at the meso position. 
Porphyrins have a very characteristic UV-Vis absorption spectrum, consisting of a 
relatively intense so-called Soret band and four (in the case of a free-base porphyrin) or 
two (in the case of a metalloporphyrin) smaller bands, the so-called Q-bands, at longer 
wave-lengths. The position of these characteristic bands is very sensitive to the presence 
or not of exciton coupling between the chromophores, e.g. as occurring upon assembly, 
and hence an indication for the orientation of the porphyrins. Figure 1.9 shows three 
different arrangements of porphyrins: (B) a face to face orientation, resulting in a shift to 
shorter wavelengths (blue-shift), (C) a head to tail orientation, which gives a shift to 
longer wavelengths (red-shift) and (D) an edge to edge orientation which results in a 
splitting of the Soret-band. In most cases, however, the molecular arrangement will be a 
combination of the orientations that are shown in these simplified examples. 
 
 
 
Figure 1.9 (A) Molecular structure of a metalloporphyrin showing the meso-position (Rmeso) and 
β-pyrrole-position (Rpyr). (B, C and D) Schematic representations of the arrangements of porphyrins 
in three different orientations: face to face (B), head to tail (C) and edge to edge (D). 
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Porphyrins are very versatile building blocks in supramolecular chemistry. Their ability 
to coordinate a wide variety of metals makes that this group of compounds can display 
many different properties. Other positive points are their stability and the broad range of 
substituents that can be easily connected to the macrocyclic compound. Depending on 
the type of substituents and metals, different types of interactions can be created for the 
formation of porphyrin-aggregates. These interactions range from hydrogen bonds to van 
der Waals and electrostatic interactions, π-π stacking, and the hydrophobic effect. 46 
In order to make porphyrins self-assemble in solution small external stimuli are 
sometimes used like changes in the salt-concentration, pH or polarity of the medium.47 
They can also start to self-assemble when they are mixed with other aggregated systems 
like micelles,48,49,50,51,52 reversed micelles53, liposomes54 vesicles55, proteins56, dendrimers 
or monolayers 57,58,59,60. An even more elegant method is to design the substituents of the 
porphyrin in such a way that the species itself starts to self-assemble in solution to form 
for example nanorods61 or (organo)gels.62 Porphyrins can be functionalized in such a way 
that they have an amphiphilic nature, resulting in the formation of micellar rods, 
spherical micelles or vesicles.63,64,65,66 
 
1.3.2    Porphyrins as functional building blocks 
Since the properties of these versatile compounds can be fine-tuned by changing the 
substitutions of the ring, the metal centres and by adding ligands, porphyrins are often 
used in the construction of many different functional systems, such as metalloporphyrins 
for catalysis and porphyrin arrays for energy uptake and energy transfer. Smart systems 
can be created in which arrays of porphyrins are switched by complexation with specific 
cations.67 Their specific properties also make them interesting candidates for 
photodynamic therapy. 
Apart from creating the function of the system by the porphyrin unit itself, porphyrins 
can also be part of an elegant self-assembled system. In that way the molecules create a 
structural environment and hence serve as a kind of construction tool to enable the 
control of chemical reactions. A beautiful example is the self-assembled system of 
porphyrin amphiphiles that acts as a template for the nucleation of calcium carbonate.68 
Porphyrins play an important role in nature as the prosthetic group in a variety of heme-
containing enzymes, such as catalase, peroxidase and cytochrome P-450. In the reactions 
that are catalyzed by these enzymes, oxygen is used for the oxidation of a variety of 
substrates. Consequently, these enzymatic reactions have been a source of inspiration for 
(organic) chemists in their study of efficient synthetic catalysts based on porphyrin 
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compounds. The catalytic reactions of a large variety of metallo-porphyrins have been 
studied, such as the decomposition of hydrogen peroxide and oxidations69, 
hydroxylations70 or epoxidations71 of organic compounds.72,73 
 
1.3.3    Manganese porphyrins and catalytic epoxidation 
As mentioned above, a well-studied example of porphyrin catalysis in nature is the iron 
porphyrin (heme) inside the enzyme Cytochrome-P450, which is capable of very 
efficiently oxidizing substrates such as alkenes. This particular enzyme has been the 
inspiration for the development of a variety of mimics in supramolecular and organic 
chemistry. In the Cytochrome P-450 oxidation cycle, the heme is first reduced by a one-
electron reduction step and subsequently reacted with oxygen. After the second 
reduction step, the active metal-oxo complex is formed which is capable of the oxidation 
of the substrate. By the complexation of a single-oxygen donor, the first two reduction 
steps can be avoided, resulting in the short oxidation cycle of cytochrome P-450 (Scheme 
1.1). 
Through the years high-valent oxo-metalloporphyrin systems (e.g. manganese and iron-
porphyrin complexes) have been developed to mimic the oxidation catalysis by 
cytochrome P-450. By using single-oxygen donors like hypochlorite74, iodosylbenzene, 
amine N-oxides, alkyl hydroperoxides, hydrogen peroxides or potassium 
hydrogenpersulfates, a short cycle like the one of cytochrome P-450 can be 
accomplished. Many studies in this field have been performed on manganese porphyrin 
systems.74 Nevertheless, the exact mechanism of the oxidation cycle of manganese 
porphyrin catalysts is still unclear, especially the electronic structure of the high valent 
manganese-oxo complex. This species is thought to be a Mn(V)  complex75, a Mn(IV) 
radical cation complex 76 or even a complex that equilibrates between the two. 77,78 
Deactivation of the catalyst is a common problem in manganese porphyrin catalysis. 
Deactivation can take place by oxidation of the porphyrin framework or by the formation 
of an inactive μ-oxo dimer resulting from the reaction between a manganese(III)-
porphyrin and the active manganese-oxo intermediate. 
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[P-450]-FeIII [P-450]-FeV=O
[P-450]-FeII(O2)[P-450]-Fe
II
O2
SubstrateSubstrate-O
Single oxygen donor
electron
electron, 2H+
H2O
 
 
Scheme 1.1 Catalytic cycle of cytochrome P-450. 
 
A variety of catalytic systems have been developed through the years, using different 
manganese porphyrin derivatives as catalyst and a variety of oxygen donors, substrates 
and environments. Biphasic systems have been employed, using organic solvents with 
dissolved porphyrin catalysts in combination with an aqueous solution containing the 
oxygen donor, like hypochlorite, as well as aqueous systems with water-soluble 
porphyrins and water soluble oxygen donors, like hydrogen peroxide79, potassium 
monoperoxysulfate or via sulfite autoxidation.80 By adjusting the substitution pattern of 
the porphyrin, catalytic properties could be fine-tuned, sometimes resulting in regio- and 
enantioselective epoxidation.81 
To protect the porphyrin catalyst from deactivation via oxidation of the catalyst or μ-oxo 
dimer formation, porphyrins have been immobilized in different ways, e.g. by adsorption 
on polymer matrices, chemical binding to polymer beads, ion exchange resins or metal 
oxides, and entrapment in porous metal oxides. 82 
Manganese porphyrin catalysts present in an aggregated environment have been studied 
as well, e.g. in micelles or vesicles.83,84 It was found that efficient catalytic systems could 
be generated sometimes displaying high chemo-, regio- and stereo selectivity. 85,86,87 A 
sophisticated system has been published by our group. It is formed by an amphiphilic 
rhodium complex and a variety of manganese porphyrins incorporated in a vesicle bilayer 
and it catalyses the epoxidation of olefins with molecular oxygen.88 
Aggregated catalyst systems have also been developed by adjusting the self-assembling 
behavior of the porphyrin, e.g. with the help of substituents, or by forming a complex in 
which the catalyst is embedded in a protective environment.89 Examples include 
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manganese porphyrin catalysts that are encapsulated by a molecular square, as reported 
by Hupp et al.90,91 Furthermore, studies have been performed by our group on 
supramolecular catalysts, in which the porphyrin complex and a substrate binding cavity 
are combined in one system, the objective being to bring the different components of the 
catalytic reaction in close proximity of each other in order to better mimic the 
cytochrome P-450 system in nature.92  
As was mentioned above, catalysis in water using water soluble porphyrins and a water 
soluble oxygen donor has been performed in the past. One of the latest water soluble 
oxygen donors explored, is potassium monoperoxysulfate (KHSO5, trademark oxone
®). 
Meunier and coworkers were the first to report that metal containing porphyrins are 
capable of epoxidizing alkenes with oxone as oxidant.93,94 Oxone is a water-soluble single 
oxygen donor, stable at pH < 6 and at pH 12.72 The KHSO5 /Mn-porphyrin system is an 
efficient, biomimetic system for catalytic epoxidations with turnover rates higher than 
those found for cytochrome P-450 itself.95 It has been used in biphasic systems, i.e. 
water/dichloromethane96, as well as in combination with water-soluble manganese 
porphyrins in aqueous environments.97 The mechanism of activation of the manganese 
porphyrin by oxone in water is believed to involve the formation of an active Mn(V)=O 
species with a water molecule as axial ligand. The so-called oxo-hydroxo tautomerism of 
this complex causes the partial incorporation of oxygen atoms from this axial water 
ligand into the product.97 
 
1.4     Outline of this thesis  
This thesis deals with the self-organization of a variety of functionalized polymers in 
aqueous solution. These polymers are combined with special functional groups in order 
to develop functional supramolecular systems. 
 
Chapter two describes the synthesis of water soluble manganese porphyrins 
functionalized with alkyl tails. The aggregation of these relatively small amphiphilic 
porphyrins in aqueous solutions is presented. Furthermore, their catalytic properties are 
investigated in the epoxidation of carbamazepine with oxone as oxidant in aqueous 
environment. Polymeric analogues of these compounds, i.e. polystyrene functionalized 
porphyrins have been synthesized by end group modification. The aggregation behavior 
of these compounds in aqueous solutions has been studied by UV-Vis and electron 
microscopy. 
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A different route for the synthesis of porphyrin functionalized polymers is described in 
Chapter three. Porphyrins have been functionalized with an initiator group for Atom 
Transfer Radical Polymerisation (ATRP) and subsequently polystyrene or 
polymethylmethacrylate tails have been attached by direct polymerization from the 
porphyrin head group. Also polyisocyanide tails have been grown from a porphyrin-
nickel complex resulting in porphyrin-polyisocyanide hybrid polymer. 
 
In Chapter four preliminary studies on the catalytic properties of the manganese 
porphyrin polystyrene hybrids are described, as well as studies on the aggregation 
behavior of the porphyrin polystyrenes that were prepared by ATRP. 
 
To further exploit the use of ATRP in the synthesis of end group functionalized 
polymers, initiator functionalized phthalocyanines have been prepared and used in the 
polymerization of styrene (Chapter five). In this Chapter also UV-Vis and electron 
microscopy studies on the self-assembling behavior of the formed hybrids in 
chloroform/methanol mixtures are described. 
 
The final Chapter of this thesis reports on the synthesis of poly-N-isopropylacrylamide 
(polyNIPAM) functionalized biotin and its subsequent complexation to streptavidin to 
create streptavidin- polyNIPAM biohybrids. Two synthetic routes to the biotin-
polyNIPAM biohybrids are described: end-group modification of a commercial 
polyNIPAM and the polymerization of polyNIPAM from an initiator functionalized biotin 
by ATRP, analogues to the polymerization reactions from the porphyrin and 
phthalocyanine initiators. The aggregation behavior of these streptavidin-polyNIPAM 
hybrids in water is described. This thesis ends with a discussion of our attempts to 
construct tri-block copolymers from streptavidin, polyNIPAM and polystyrene by using 
the air-water interface of a Langmuir-Bloddget trough. 
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2.1     Introduction 
It has been shown in the past by many research groups, that the different properties (e.g. 
electron transfer, catalytic properties) of functional moieties present in 
(macro)molecules or their assemblies are strongly influenced by the local environment, 
which affects polarity, electronic interactions, local concentration effects, non-covalent 
interactions, etc. Therefore, in order to fine-tune these properties, these functional 
moieties have been incorporated in self-assembled systems, e.g. vesicular and micellar 
environments. In this connection, the study of porphyrins embedded within membranes 
has become an important area of research aimed at e.g. the development of oxidation 
catalysts, i.e. cytochrome P450 mimics. The advantage of the use of such an oxydation 
catalyst in a micellar environment is illustrated by the work of Monti et al.1 They showed 
that the catalytic activity of the manganese porphyrin catalyst is strongly influenced by 
the type of surfactant that is used to create the aggregated system, due to the differences 
in affinity of the porphyrins and the substrate for the micellar phase. 
 
 
 
Figure 2.1 Left: Phospholipid porphyrin amphiphiles prepared by Tsuchida and coworkers. 
Right: Electron micrograph of the vesicles formed by these amphiphiles and a schematic 
representation of the structure of the vesicle.9 
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The incorporation of a porphyrin catalyst in an aggregate can also influence the 
regioselectivity of a reaction, e.g. the epoxidation of poly-unsaturated fatty acids or 
diolefinic sterols, as was shown by Groves and co-workers who incorporated metallo-
porphyrins in synthetic phospholipid vesicles.2,3 
Furthermore, research by Schenning et al. has shown that the stability and catalytic 
activity of porphyrin catalysts can be considerably increased by incorporating these 
compounds in a vesicular environment.4  
Apart from including the catalyst in or within a self-assembled system there is also the 
possibility to self-assemble the catalyst itself into a larger supramolecular architecture.5 
Porphyrins have been functionalized in many ways to allow them to self-assemble. 
Fuhrhop and coworkers prepared amphiphilic porphyrin bisglucosamides, which formed 
micellar fibers upon dispersion in water.6 They also functionalized porphyrins with 
amino groups and showed the formation of micellar rods and vesicular tubuli in water by 
these compounds.7 Inspired by Fuhrhop’s work, Shinkai and coworkers synthesized an 
amphiphilic porphyrin, containing two boronic acid groups that formed fibrous 
aggregates in aqueous media in the presence of saccharides, due to the fact that the 
boronic acid substituents are receptor sites for the sugar molecules.8 
Tsuchida et al. have functionalized tetraphenyl porphyrins with four phospholipid 
substituents in order to obtain new amphiphilic molecules. This lipid-porphyrin self-
organizes in aqueous media to form vesicles with a diameter of 100 nm (Figure 2.1). For 
the free-base/Zn porphyrin mixed vesicles, energy transfer was observed within single 
vesicle structures.9 
 
 
 
Figure 2.2 A: Transmission Electron Micrograph of a dispersion of the porphyrin amphiphile 
shown in (B) in water. Negative staining of the sample was performed with 1 % uranyl acetate 
(needle represents 2000 nm). B: Structure of the amphiphilic porphyrin reported by Nolte et al.10 
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In 1993 Nolte et al. published the unusual aggregation behavior of an amphiphilic free-
base porphyrin which contained a triply positively charged methylpyridinium porphyrin 
head-group and one simple apolar alkyl tail (Figure 2.2). It was shown that this 
amphiphile, bearing tosylate counter ions, formed large vesicles upon dispersion in 
water.10  
Kano and coworkers have performed an extensive study on the factors that influence the 
self-assembly of cationic porphyrins in aqueous solution. They found a clear relationship 
between the substituents at the meso-position of the porphyrin and aggregate 
formation.11 
 
Since manganese porphyrins are good catalysts for the epoxidation of alkenes, it was 
thought to be of interest to study amphiphilic derivatives of these compounds in order to 
develop efficient catalytic active aggregates in an aqueous environment, without the use 
of additional surfactant. The ultimate goal being the combination of amphiphiles with 
different catalytic properties that would form multi-component aggregates upon self-
assembly, capable of performing cascade reactions. In this Chapter the possible use of 
amphiphilic porphyrins in the development of such catalytic systems is described. The 
first part deals with the triply charged cationic porphyrins containing an alkyl tail studied 
by Schenning et al. (see above). The second part reports on the first steps in the 
development of a more robust polymer-based system, i.e. a polystyrene-porphyrin based 
amphiphile. 
 
2.2     Porphyrin-C16 amphiphiles 
2.2.1    Synthesis 
In Scheme 2.1, the synthesis of porphyrin amphiphiles with a C-16 alkyl tail and a 
cationic head group is depicted. First, a porphyrin derivative functionalized with pyridine 
groups was synthesized from pyridine functionalized carboxaldehydes and alkoxy 
functionalized benzaldehydes resulting in a mixture of different substituted porphyrins 
from which the desired porphyrin 2.1 was isolated by column chromatography in a yield 
of 4.2%.12 
Subsequently, two different routes were followed. The upper part of Scheme 2.1 shows 
the route in which the pyridine groups of the porphyrin head group are methylated with 
methyl iodide, followed by precipitation in a saturated solution of ammonium 
hexafluorophosphate in water (2.2, yield: 70%), or methylated with methyl tosylate 
(2.3, yield: 92%). Manganese was inserted in the inner core of porphyrin 2.2 by treating 
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it with manganese acetate. After exchange of the counter-ion by stirring the resulting 
compound in an aqueous sodium chloride solution, compound 2.4 was obtained in 91% 
yield. Although TLC indicated the formation of this compound, it is not sure that all PF6
- 
counter-ions are exchanged. In the second route, depicted in the lower part of Scheme 
2.1, the manganese is inserted in an earlier stage of the synthesis in a yield of 95%, after 
which the pyridines are methylated with methyl tosylate to give  compound 2.6 in 90% 
yield. 
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Scheme 2.1 Synthesis of porphyrin amphiphiles with a C16 tail. Reaction conditions: for 2.2: 
a) MeI, DMF/CH2Cl2; b) H2O/NH4PF6; for 2.3: a) MeTos, toluene/acetonitrile, 80˚C; c and d) 
Mn(OAc)2.4H2O, DMF, reflux; e) MeTos, toluene/acetonitrile, 80˚C. 
 
2.2.2    Aggregation 
It was shown before by Schenning et al. that compound 2.3 forms large vesicles upon 
dispersion in water. The compound dissolves readily in this solvent resulting in a clear 
solution (0.1 mM). Remarkably, without shadowing, the formed vesicles appeared to be 
too fragile to be seen with Transmission Electron Microscopy (TEM). After shadowing 
with platinum, the vesicles could be made visible (Figure 2.3). The sizes of the 
aggregates ranged from 150 – 800 nm and it was obvious that the smaller ones (Figure 
2.3A) stayed intact in the high vacuum of the TEM but the bigger ones (Figure 2.3B and 
C) collapsed during the process. Some of them already collapsed during the drying of the 
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sample (B: the remaining material of the thin membrane of the collapsed vesicle is still 
visible, no shadow is visible because platinum shadowing took place after collapsing). 
The rest of the large vesicles collapsed at the moment they were exposed to the electron 
beam of the TEM (C: the collapsing of this vesicle could be seen while watching the 
aggregate being hit by the electron beam, the platinum shadow shows the original size 
and shape of the aggregate). 
 
 
 
Figure 2.3 Transmission Electron Microscopy pictures of the vesicles formed by porphyrin 
amphiphile 2.3 in water (0.1 mM). For A, B and C: Platinum shadowed, carbon-coated grids. The 
scale bar is equal for A, B and C. (A) Small aggregate that is still intact. (B) Vesicle that is 
collapsed before platinum shadowing and (C) Vesicle that is collapsed during visualisation in the 
microscope. 
 
Compound 2.4 could not be dissolved in water, because it contained chloride (or partial 
PF6
- ) counter ions in stead of the tosylate counter ions. Therefore, the compound was 
first dissolved in a drop of tetrahydrofuran, and to this solution a small amount of 
methanol and a larger volume of water was added (final conc. 0.1 mM). The ratio of 
methanol to water of 1:10 that was used for this study matched the solvent ratio for the 
catalytic experiments (see paragraph 2.2.3). The resulting solution was cloudy, 
indicating the formation of assemblies. Figure 2.4 shows the TEM and Scanning Electron 
Microscopy (SEM) pictures that were taken from the aggregates formed by compound 
2.4 in methanol/water (1/10, v/v). Spherical objects were formed that stayed intact 
while being studied with TEM and SEM, suggesting that the structures were less fragile 
than the vesicles formed by compound 2.3. SEM studies indicated the formation of 
spherical mostly compact and solid structures. 
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Compound 2.6 dissolved readily in water to give a clear reddish-green solution (0.1 
mM). TEM studies of these solutions revealed the formation of sheet-like structures 
(Figure 2.5). 
 
 
 
Figure 2.4 Transmission Electron Micrographs (A, B) and Scanning Electron Micrographs (C, 
D) of the spherical aggregates formed by porphyrin amphiphile 2.4 in methanol/water (1/10, 
v/v). 
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Figure 2.5 Transmission Electron Micrograph of the sheet-like structures formed by 2.6 in 
aqueous solution. 
 
2.2.3    Catalysis 
Porphyrins are known to catalyze the epoxidation of a large variety of alkenes in many 
different environments.13 It was first published by Meunier et al. that metal containing 
porphyrins are capable of epoxidizing alkenes with potassium monoperoxysulfate 
(KHSO5) as oxidant.
14 KHSO5 is a water-soluble single oxygen donor, stable at pH < 6 
and at pH 12. The KHSO5 /Mn-porphyrin system is an efficient, biomimetic system for 
catalytic epoxidations with turnover rates higher than those found for cytochrome P-450 
itself. It has been used in biphasic systems, i.e. water/dichloromethane, as well as in 
combination with water-soluble manganese porphyrins in aqueous environments.  
Water-soluble manganese porphyrins are known to have water molecules as axial 
ligands.15 The proposed mechanism for the activation of Mn porphyrin catalysts by 
KHSO5 in an aqueous environment is depicted in Figure 2.6.
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Figure 2.6 Mechanism of the activation of a manganese catalyst in an aqueous environment 
with KHSO5.
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Scheme 2.2 Catalytic oxidation of carbamazepine by a manganese porphyrin catalyst. 
 
The catalytic properties of the amphiphiles 2.4 and 2.6 were studied in an aqueous 
environment applying similar conditions as used by Meunier et al. The reaction medium 
was an aqueous phosphate buffer with pH = 5 and the substrate used was carbamazepine 
(CBZ) (Scheme 2.2). The epoxidation of CBZ (Scheme 2.2) was monitored by HPLC 
analysis of small aliquots taken from the reaction mixture. Manganese tetrakis(N-
methylpyridyl)porphyrin 2.7 was used as a reference catalyst in these investigations.  
 
 
Figure 2.7 (A) Plot of the conversion of carbamazepine as a function of time. (B) Plot of 
ln([M]/[M]0 versus reaction time. [M]: concentration carbamazepine. For both figures: U MnP-
4Cl (2.7),  MnP-3Tos (2.6), c H2P-3Tos (2.3) + MnP-3Tos (2.6). 
 
Figure 2.7A shows typical plots of the conversion of substrate as a function of time. The 
reference catalyst 2.7 was found to be the most efficient catalyst with almost 100 % 
conversion in 5 min reaction time. For a reaction that has first order kinetics in substrate 
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concentration ([M]), it is expected that ln([M/[M]0) = -kt, where [M] is the 
concentration of CBZ and [M]0 is the concentration of CBZ at the start of the reaction. 
Figure 2.7B shows the plots of ln([M/[M]0) versus the reaction time. The negative slope 
of this plot would give the rate constant k. Catalyst 2.7 shows a more or less linear plot, 
typical for a first order reaction with a slope that gives a rate constant k = 18.5 × 10-3 s-1. 
For the C-16 tail modified catalysts the rates were found to level off rather quickly 
during the reaction. Therefore, these reactions were described by the initial rate at t = 0 
(tangent at t = 0 in Figure 2.7B). 
Catalyst 2.6 (MnP-3Tos) showed a high initial rate but it levelled of much faster 
compared to the reference catalyst. The conversion that was reached under these 
conditions turned out to be 55 % after 5 min and the maximum conversion (75 %) was 
reached after 10 min. Without the protection by a protein environment or sterically 
demanding substituents, manganese porphyrins are known to form inactive μ-oxo dimers 
during the epoxidation reaction. The question was whether the faster decrease in 
reaction rate was caused by the enhanced formation of μ-oxo dimers in the aggregates of 
the porphyrin amphiphiles. UV-Vis measurements on the reaction mixtures did show a 
strong decrease of the UV-Vis intensity of the Soret band of the Mn catalyst during the 
reaction, indicating the break-down of the catalyst probably caused by the intermediate 
formation of inactive μ-oxo dimers. 
An experiment with a 1/1 mixture of 2.6 and 2.3 (H2P-3Tos) was performed in which 
both amphiphiles were premixed before their addition to the reaction mixture. In this 
case the manganese porphyrin molecules are diluted by the inactive free-base porphyrins, 
thereby reducing the chance of formation of inactivated dimers. Remarkably, the 
reaction rate in this experiment was substantially lower than found for the pure 2.6 
assemblies. 
MnP-3Cl 2.4 showed a very low initial rate resulting in a conversion of only 21 % in 10 
min. (not shown in Figure 2.7). Aggregation studies had already shown that the 
assemblies formed by this porphyrin amphiphile under the applied conditions are very 
compact, preventing access to the manganese reaction centres, possibly explaining the 
low conversion and initial rate of catalysis. 
The conditions of the different experiments that were performed and the corresponding 
results (initial rates and total conversions) are summarized in Table 2.1. 
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Table 2.1 Results of catalysis experimentsa 
Compounds Initial rateb 
(cycles.min-1) 
Conversion at 10 
min (%) 
Catalyst conc. 
(μM) 
Co-solvent 
(volume%) 
MnP-3Cl 2.4  4 21 10 Acetonitrile (1%) 
MnP-3Tos 2.6 22 55 10 - 
H2P-3Tos 2.3/2.6 13 50 10/10 - 
MnP-4Cl 2.7 72 99 10 - 
(a) For reaction conditions see Experimental section. 
(b) Initial rates were determined by calculating the initial slope in the plot depicted in Figure 2.7A. Estimated error 
5%. 
 
In conclusion, reference catalyst 2.7 shows first order kinetics under the conditions used, 
with a reaction constant k = 18.5×10-3 s-1. Catalysts 2.4 and 2.6 do not show a first order 
behavior, probably due to break-down of the catalyst during the reaction, caused by the 
formation of μ-oxo dimers and/or the difficult approach of the substrate to the Mn-
centres, resulting in a low effective concentration of catalyst. The aggregation behavior 
and the solubility properties of the amphiphilic porphyrin molecules are very much 
influenced by the counter ions of the porphyrin molecules. It is not excluded that 
counter ions can change during catalysis because of the exchange with other ions (i.e. 
buffer-ions) present in the reaction mixture. The catalytic properties of the system 
depend on the aggregation state of the porphyrins. The structural instability of the 
catalytic functions in the catalytic mixtures makes that the systems are difficult to study. 
We decided, therefore, to focus on more robust systems as catalytic aggregates. 
 
2.3     Porphyrin-polystyrene amphiphiles 
2.3.1    Introduction 
The aggregation of a large number of small amphiphilic molecules into an assembly 
manifests itself in a dynamic, physical softness. As a consequence, in many classic 
amphiphilic systems, properties such as encapsulant retention of vesicles, membrane 
stability and degradation are not particularly well controlled. A polymer approach to 
aggregate formation broadens the range of properties achievable through a widened 
choice of amphiphile molecular weight and chemistry. Amphiphilic block copolymers are 
known to assemble in a wide variety of aggregate structures. These structures range from 
micelles and fibres to vesicles. The research by Eisenberg et al has demonstrated the 
versatility of these block copolymers in the construction of aggregates.17 
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We would like to investigate the possibilities of constructing functional aggregates from 
polymer-based porphyrin amphiphiles. Since the polymer aggregate is quite stable one 
can consider the porphyrin as being present in a protected environment (like the 
porphyrin in the protein mantle of cytochrome P450). In the literature, examples can be 
found of porphyrin catalysts that are anchored to a polystyrene matrix; they show good 
epoxidation and hydroxylation activity in an organic environment.18 In our approach, the 
cationic porphyrin constitutes the water-soluble head group of a polystyrene amphiphile 
that, upon self-assembly in aqueous environment, will form, hopefully, stable 
catalytically active aggregates. 
 
2.3.2    Synthesis by endgroup-modification 
The synthesis of the polystyrene amphiphiles is depicted in Scheme 2.3. In order to 
construct polystyrene porphyrin amphiphiles, mono-hydroxy functionalized pyridine 
porphyrin 2.8 was synthesized (5.6% yield). A bromopropyl spacer was coupled to the 
porphyrin hydroxyl function by a nucleophilic substitution reaction in 25% yield. 
Subsequently, different conditions were used to couple a hydroxyl-functionalized 
polystyrene to this bromide functionalized porphyrin (2.9). As a solvent THF, DMF and 
mixtures of toluene and DMF in different ratios were used. The yields of these reactions 
ranged from 0 to 10 %. These low yields are probably a result of the poor accessibility of 
the hydroxyl-end group of the polymer because of steric hindrance exerted by the 
polystyrene tail. The best results were obtained with a DMF/toluene 1/1 (v/v) mixture 
with sodium hydride as a base. The coupled product (2.10) was characterized by NMR, 
MALDI-TOF MS and GPC after purification over a size exclusion column.  
GPC analysis, using two different wavelengths (λ = 254 nm and λ = 420 nm) for 
detection, proved that the free-base porphyrin and polystyrene were indeed chemically 
linked. The porphyrin polystyrene had a small but significant difference in retention time 
(7.69 in stead of 7.73 min), running faster than the hydroxyl functionalized polystyrene, 
indicating a higher mass. The coupled product adsorbed at λ = 254 nm for the 
polystyrene as well as at λ = 420 nm for the porphyrin (soret-band), while the hydroxyl-
functionalized polystyrene only absorbed at λ = 254 nm.  For the porphyrin-polystyrene 
conjugate the Mn was determined to be 5219 g/mol and the polymer dispersity index 
(PDI) 1.1 and for the starting compound the Mn was 3913 g/mol and the PDI 1.3 (both 
measured at λ = 254 nm). As a blanc, physical mixtures of the porphyrin and 
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polystyrene were measured with GPC and, as expected, two different peaks were found 
for the polystyrene and the porphyrin. 
The MALDI-TOF spectrum of porphyrin polystyrene 2.10 is depicted in Figure 2.8A and 
the MALDI-TOF spectrum of the starting compound, the hydroxyl polystyrene, in 
Figure 2.8B. The data was analyzed by end-group analysis, whereby the peak masses are 
plotted versus the amount of monomer units (Figure 2.8C). From this plot, the mass of 
the combined end groups of the polymer can be read from the intercept with the y-axes. 
For both polymers, the starting compound as well as the porphyrin polystyrene, the 
resulting mass for the combined end groups corresponded very well with the calculated 
exact masses (Figure 2.8D), proving the formation of polystyrene porphyrin 2.10.  
Due to the poor yield in the coupling between the porphyrin and the polystyrene, only 
very small amounts of the product could be obtained. Therefore, another synthetic 
approach was chosen to functionalize the polystyrene with the porphyrin. 
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Scheme 2.3 Synthesis of porphyrin amphiphiles containing a polystyrene (n = 40) tail. 
Reaction conditions: a) NaOH, 1,3-dibromopropane, DMF; b) NaH, toluene/DMF; c) K2CO3, 
Boc-bromopropylamine, DMF, 90˚C; d) HCl, ethyl acetate; e) Et3N, DMF; f) Mn(OAc)2.4H2O, 
DMF, reflux; g) MeTos, toluene/acetonitrile, 80˚C; h) LiAlH4, THF; i) SOCl2. 
Chapter 2 
 
36 
 
 
In the second approach, porphyrin 2.8 was functionalized with an aminopropyl spacer via 
two different routes. In the first one, a phthalimide protected bromopropylamine was 
coupled to the porphyrin in 38% yield. However, the deprotection of the phthalimide by 
hydrazine to yield the amine turned out to be too rigorous for the porphyrin, giving rise 
to a reduced porphyrin compound, which was difficult to separate from the desired 
product.  
 
 
 
 
Figure 2.8 (A) MALDI-TOF spectrum (refelective mode, matrix: dithranol) of free-base 
porphyrin polystyrene 2.10. (B) MALDI-TOF spectrum (linear mode, matrix: DCTB/Ag) of 
hydroxyl polystyrene. (C) Plot of the MALDI-TOF peak masses versus monomer units of the free-base 
polystyrene porphyrin 2.10. (D) Molecular formulas of both polystyrenes showing the masses of the 
combined end groups. 
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Therefore, in stead of the phthalimide-, a boc-protected bromopropylamine was coupled 
to porphyrin 2.8 (yield: 56%). The resulting compound was easily deprotected with HCl 
saturated ethyl acetate to give the amine functionalized porphyrin 2.11 in 95% yield. 
Acid functionalized polystyrene40 was converted to the corresponding acid chloride by 
stirring the starting compound in a large excess of thionyl chloride for 16 hours at room 
temperature. After evaporation of the thionyl chloride, the resulting activated 
polystyrene could be coupled to the amine functionalized porphyrin in the presence of a 
small excess of triethylamine as a base in DMF. The yield of this amide coupling was 
60%.  
 
 
 
Figure 2.9 (A) MALDI-TOF spectrum (linear mode, matrix: dithranol) of free-base polystyrene 
porphyrin 2.12. (B) Plot of the MALDI-TOF peak masses versus monomer units of the free-base 
polystyrene porphyrin 2.12. 
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Figure 2.10 (A) MALDI-TOF spectrum (linear mode, matrix: dithranol) of the manganese 
polystyrene porphyrin 2.13. (B) plot of the MALDI-TOF peak masses versus monomer units of the 
manganesee polystyrene porphyrin 2.13. 
 
 
Figure 2.9A shows the MALDI-TOF spectrum of the free-base porphyrin polystyrene 
2.12. The end group analysis of the polymer resulted in a mass of 774.6 for the 
combined end groups (Figure 2.9B). This mass closely matches the calculated mass for 
the end-groups (Figure 2.9B), indicating the formation of the desired compound.  
The free-base porphyrin polystyrene 2.12 could easily be converted into the manganese 
porphyrin compound 2.13 with manganese acetate in DMF in a yield of 87 %. Figure 
2.10A shows the MALDI-TOF spectrum of the latter compound, proving the successful 
formation of this compound by end group analysis (Figure 2.10B). 
After the methylation of the pyridine groups on the porphyrin by methyl tosylate in 
toluene/acetonitrile, a polymeric amphiphile with a cationic head-group (2.14) was 
obtained in 75% yield. This compound was difficult to characterize. UV-Vis 
measurement on 2.14 dissolved in THF showed a spectrum typical for a manganese 
porphyrin but with broadened peaks, caused by the aggregation of the cationic porphyrin 
in the relatively apolar solvent necessary to dissolve the long polystyrene tail. TLC (10% 
methanol in chloroform) showed one spot on silica.  
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Figure 2.11 (A, B and C) MALDI-TOF spectrum (linear mode) of cationic manganese 
porphyrin polystyrene 2.14. (D) Plots of the two sets (overlapping) of MALDI-TOF peak masses 
versus monomer units of the manganese polystyrene porphyrin 2.14. (E) Molecular structure of 2.14 
with corresponding exact masses. 
 
It was difficult to analyze the polymer with MALDI-TOF because the compound did not 
“fly” easily. From the MALDI-TOF spectrum that could be obtained (Figure 2.11A), it is 
clear that different mass-sets are visible. Figure 2.11B and C show twice enlarged areas 
of the spectrum in which the two different mass sets are marked. End-group analyses of 
these two sets (Figure 2.11D), revealed that the data-set that is most explicitly present 
corresponds to polystyrene that is functionalized with a manganese porphyrin with three 
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methyl-groups and no counter-ions (Figure 2.11E).  The second data-set, in order of 
intensity, corresponds with one chloride added to the molecule. The third and fourth 
data-sets show the masses of partly de-fragmentized compounds probably caused by the 
energy of the laser during the MALDI measurement; these masses indicate the loss of a 
methyl group and the manganese center from the porphyrin. 
 
2.3.3    Aggregation 
The aggregation behavior of polystyrene manganese porphyrin 2.13 was studied by 
electron microscopy in THF/water mixtures. When water was slowly added to a THF-
solution of 2.13 mainly network-like aggregates were formed and, to a lesser extent, 
spherical structures (Figure 2.12). Also the injection of a THF-solution of 2.13 into 
water resulted in the same poorly organized aggregates. The amphiphilic character of this 
molecule stems from the charged manganese(III) that is situated in the porphyrin core. 
This charged group, however, is probably insufficiently hydrophilic to give the formed 
macromolecules the aimed amphiphilic properties to yield well defined aggregate 
morphologies. 
 
 
 
 
Figure 2.12 (A) TEM image and (B) SEM image of the aggregates formed by 2.13 in 
THF/water mixtures (1/10, v/v). 
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Figure 2.13 UV-Vis absorption spectra of porphyrin polystyrene 2.13 in THF upon the addition 
of water. The percentages of water added range from 0 to 9%. 
 
The aggregation behavior of 2.13 was further studied by UV-Vis spectroscopy. In THF 
the polystyrene part as well as the pyridine porphyrin head group is expected to be well 
dissolved. The addition of water will probably cause the porphyrin to from stacks and the 
polystyrene to cluster together due to the addition of the more polar solvent. Upon the 
addition of water to a solution of the polymer in THF, the Soret band of the porphyrin at 
475 nm decreased significantly and a new band arose at 465 nm (Figure 2.13). The shift 
of 10 nm of the Soret band to lower wavelengths (blue-shift) implies the formation of 
face-to-face porphyrin dimers. A significant shift was visible as well in the Q-bands of the 
porphyrin and two isosbestic points could be recognized in the spectrum, one in the 
Soret band region at λ = 470 nm and one in the Q-bands region at λ = 580 nm. This 
behavior suggests the formation of only one distinct porphyrin species during the 
addition of water to the THF-solution containing the porphyrin polystyrene. It was clear 
that the porphyrins already started to form stacks at low percentages of water. Probably, 
short stacks of the porphyrins were formed upon the addition of water which made the 
porphyrin polystyrene molecules cluster together. The spectrum did not change 
anymore by adding more water after the point of 9% water had been reached. 
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Figure 2.14 (A, B, C) TEM images of the morphologies formed when a THF-solution of 
porphyrin amphiphile 2.14 is injected into water while sonicating at 60°C. (D, E, F) SEM images 
of the aggregates. 
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The aggregation behavior of the multi-charged porphyrin polystyrene 2.14 was studied in 
THF/water mixtures following different methods of inducing aggregation. 
In a typical experiment, a THF-solution of the amphiphile was injected into warm water 
(60°C) while sonicating. Figure 2.14 shows the structures that were observed. Vesicles 
were formed ranging in size from 50 nm to 1000 nm, most of them were around 100-
200 nm and they were often clustered together into large multi-vesicular aggregates. The 
aggregates proved to be stable in time. They probably are kinetically trapped structures. 
 
In another procedure, water was dropwise added to a THF-solution of 2.14. At certain 
intervals, samples were taken from the solution and investigated by TEM (Figure 2.15). 
At 10 % water in THF fibres were observed with a diameter of 20 nm (Figure 2.15A and 
B). Some small vesicles were present as well, which were often connected with the 
fibres. At 40 % water content vesicles and lamellae were found (Figure 2.15C, D and E). 
These structures are characterized by flat or curved bilayer walls of polymer. When the 
water content was raised to 70%, sheet- or ribbon-like structures were formed (Figure 
2.15F). 
 
 
 
Figure 2.15 Transmission Electron Micrographs of the aggregates formed when water is dropwise 
added to a THF-solution of 2.14. (A, B) 10 % water. (C, D, E) 40 % water. (F) 70 % water. 
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Figure 2.16 UV-Vis absorption spectra of porphyrin polystyrene 2.14 in THF upon the addition 
of water. Percentages of water added range from 0 to 10 %. 
 
UV-Vis studies of the aggregation behavior of polymer 2.14 in THF/water systems were 
performed by adding water to a solution of the amphiphile in THF. Figure 2.16 shows 
the absorption spectra of the amphiphile in pure THF and the changes in the UV-Vis 
spectra upon the addition of water. In pure THF the Soret band is broad and has its 
maximum at 475 nm. The broadness of the Soret band implies the formation of 
aggregates of the porphyrins, which is not remarkably since the cationic porphyrins are 
not prone to dissolve in THF; they probably cluster together to shield themselves from 
the apolar environment. The polystyrene part however is well dissolved. When the 
water content of the THF solution is slowly increased, the polystyrene tails are expected 
to start to form aggregates. The cationic porphyrins however are expected to become 
better dissolved and hence would be positioned more on the outside of the aggregates. 
The UV-Vis studies showed that the broadness of the Soret band decreased upon the 
addition of water and its position shifted to lower wavelengths. The sharpening of the 
soret band indicates that the porphyrins were indeed better dissolved in the more polar 
environment. At 10% water the maximum was at 465 nm, a blue-shift of 10 nm. This 
blue-shift points to the formation of face-to-face porphyrin stacks, probably composed of 
distinct porphyrin species. The results of these UV-Vis experiments indicate that the 
porphyrin units probably form oligomers which face the relatively polar surroundings of 
the aggregate shielding the apolar polystyrene and hence allowing the aggregates to 
become dispersed. 
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2.3.2 DABCO induced aggregation 
The metal in the porphyrin, which in fact is a tetradentate ligand, is capable of accepting 
one or two axial ligands, depending on the nature of the metal. While platinum and 
copper porphyrins do not have the tendency to accept an extra ligand, zinc, being a five-
coordinate metal, can accept one. Six-coordinate metals like manganese can accept two 
extra ligands. Bidentate ligands, such as DABCO (1,4-diaza(2,2,2)bicyclooctane), are 
capable of binding to two metal porphyrins at the same time. Therefore, the combination 
of a manganese porphyrin and DABCO can lead to polymeric arrays (Figure 2.17). 
 
 
 
Figure 2.17 Schematic representation of the formation of manganese porphyrin-DABCO 
complexes. 
 
 
 
Figure 2.18 Transmission Electron Micrographs of the bowl-shaped aggregates formed upon slow 
addition of water to a THF solution of 2.14 containing 1 equivalent of DABCO. 
 
This coordination effect by DABCO was used to strengthen the porphyrin stacking, with 
the objective to induce a more controlled aggregation of the polystyrene tails. Therefore, 
an experiment was performed in which water was slowly added to THF solutions of 2.14 
with different equivalents of DABCO present. When one equivalent of DABCO was 
used, it was shown by TEM that almost exclusively bowl-shaped aggregates of 200 nm – 
300 nm in size were formed (Figure 2.18). 
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With more than one equivalent of DABCO present it was found that the aggregates were 
a mixture of spherical structures, network-like material and some bowl-shaped 
aggregates (not shown). 
Figure 2.19 describes how the remarkable changes in the aggregation behavior of the 
porphyrin polystyrene amphiphiles in the presence of DABCO can be explained.  
In a system where DABCO is not present the porphyrin molecules are not hindered by a 
specific spatial organization. When water is added to the system, they will position 
themselves on the outside of the aggregates shielding the apolar polystyrene in the 
interior from the relatively polar environment. In this case, the formation of several 
different morphologies are possible, one of them being the small spherical structures 
(Figure 2.19A) and another one being the flat layered structures (Figure 2.19B). Of 
course the types of the morphologies that will finally form also depend on the size of the 
polystyrene tail and the amount of water added to the system. 
 
 
 
Figure 2.19 Schematic representation of the influence of DABCO on the aggregation behaviour 
of porphyrin polystyrene 2.14. A: without DABCO and B: with DABCO. 
 
In the specific case, however, where DABCO is added to the system, adding water 
resulted in the almost exclusive formation of bowl-shaped structures as shown in Figure 
2.18. This behaviour can be tentatively explained as depicted in the lower part of Figure 
2.19. The porphyrins are still trying to organize themselves as favourably as possible. 
However, the DABCO-units, that try to fix the porphyrins together, force them in a 
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certain position with small distances with respect to each other. The polystyrene tails 
sterically hinder the molecules to fit in the desired orientation with respect to each other, 
as demanded by the DABCO. The somewhat frustrated organization leads to a structure 
intermediate between a strongly curved and a flat surface (Figure 2.19C). Initially, a 
large spherical, not strongly curved structure is formed. It grows larger until all the 
material is consumed, eventually resulting into a kinetically trapped, not finished half 
sphere: the bowl-shaped structure. 
When more than one equivalent of DABCO is used in the system, the porphyrins are no 
longer organized into large polymeric arrays, but probably form small clusters of 
porphyrin polystyrenes amphiphiles. It is expected that in this case the aggregate 
organization will be less frustrated because the polymeric arrays of porphyrins are 
disrupted. Indeed, as was revealed by TEM (not shown), in this case the aggregation 
behavior led to a mixture of different morphologies. 
 
2.3.4    Mixed vesicles from porphyrin-polystyrene amphiphiles and 
poly(isocyanopeptide)-polystyrene block copolymers 
Previous research from our group has shown that poly(isocyanopeptide)-polystyrene 
block copolymers can form well-defined aggregates in aqueous solution. Typically 
vesicles (polymersomes) are obtained, which were found to fuse upon standing, thereby 
increasing their average diameter by a factor of 20.19 
To make large and well defined vesicles containing manganese porphyrin amphiphiles, 
compound 2.13 was mixed with the thiophene containing block copolymer 
poly(isocyanopeptide)-polystyrene (PIAT-PS, Figure 2.20) in THF in a ratio of 1:10 (1.1 
mg/ml) and subsequently water was slowly added to induce aggregation (final ratio 
THF/water: 2/1). TEM studies showed that vesicles were formed with an average 
diameter of 100 nm after 90 h (Figure 2.20A). In three weeks time the average diameter 
increased up to 5-10 μm (Figure 2.20B and C). The dimensions of these vesicles were so 
large that they could easily be visualized by light microscopy (Figure 2.20D). 
To prove that the porphyrin amphiphiles were incorporated in the vesicle membrane, 
fluorescence microscopy studies were performed. To this end, mixed vesicles of a free-
base porphyrin polystyrene and PIAT-PS were prepared and after deposition of the 
vesicles on glass they were visualized by single vesicle fluorescence microscopy 
(excitation at 458 nm). These studies showed that the single vesicles possessed the 
characteristic fluorescence of PIAT-PS (broad band at 520 nm) as well as of free-base 
porphyrin (650 nm), indicating that the porphyrin was indeed included in the vesicle 
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membrane. Figure 2.20 shows on the right a schematic representation of a mixed vesicle 
of the poly(isocyanopeptide)-polystyrene and 2.13. 
 
 
 
 
Figure 2.20 Electron micrographs and light microscopy pictures of mixed vesicles containing 
manganese porphyrin polystyrene 2.13 and PIAT-PS. A: Transmission Electron Micrograph (TEM) 
of the vesicles formed 90 h after preparation. B, C and D: Microscopy pictures of the vesicles after 
three weeks standing (B: TEM, C: Scanning electron microscopy (SEM), D: light microscopy). 
Bottom right: Schematic representation of a mixed vesicle of PIAT-PS and 2.13. 
 
2.4     Conclusions 
Amphiphiles with apolar C16-alkyl tails and cationic manganese-porphyrin head-groups 
were successfully prepared. Their solubility and aggregation behavior showed to be 
strongly dependent on the precise structure of the porphyrin head-group and the type of 
counter ion. The catalytic properties of the manganese porphyrin amphiphiles were 
studied in aqueous environment. It was found that the C16-tail modified catalysts 
showed relatively low reaction rates compared to the reference catalyst manganese 
tetrakis(N-methylpyridyl)porphyrin. The rate started to level off early in the reaction, 
probably due to the formation of inactive μ-oxo porphyrin dimers. 
Polystyrene based porphyrin amphiphiles were successfully prepared in good yields by 
end group modification of polystyrene40 acid. Aggregation studies using the cationic 
manganese-porphyrin polystyrene compound showed the formation of a large variety of 
structures when the aggregates were prepared by the drop-wise addition of water to the 
THF solution containing the polymer amphiphile. The appearance of the structures 
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proved to be strongly dependent on the water content of the aggregate dispersion. UV-
Vis studies indicated the formation of face-to-face stacked porphyrins in THF when the 
water content was raised from 0 to 10%. The fast injection of a THF solution of the 
polymer in a large volume of warm water while sonicating, resulted in the formation of 
only one type of aggregates, i.e. vesicles which partly further self-assembled to generate 
multi-vesicle aggregates. The different self-assembled structures probably all result from 
the aggregation of the cationic porphyrin head groups which are facing the relatively 
polar surroundings of the assembly shielding the apolar polystyrene tails and hence 
dispersing the aggregates that are formed. 
When one equivalent of the bidentate ligand DABCO was added to the THF solution 
containing the cationic porphyrin polymer amphiphile and subsequently water was 
slowly added, the only type of aggregates that was observed were bowl-shaped 
structures. These remarkably uniformly shaped structures are presumably a result from 
the frustrated aggregate growth caused by the coordinating properties of DABCO to the 
manganese center in the porphyrin core. 
Extremely large mixed vesicles (5-10 μm) could be prepared from porphyrin polystyrene 
and thiophene poly(isocyanopeptide)-polystyrene by premixing THF-solutions of the 
two polymers before adding water. Single vesicle fluorescence measurements proved 
that the porphyrin polystyrene was incorporated into the vesicle membrane. 
 
2.5     Experimental section 
2.5.1    General methods and materials 
THF was distilled over sodium, CHCl3 and CH2Cl2 over CaCl2 and methanol over CaH2. 
All other chemicals were used as commercially obtained unless stated otherwise. 
Polystyrene40-carboxylic acid was kindly donated by Dr. J. J. L. M. Cornelissen. 
Compound 2.7 was commercially obtained. 
UV/Vis spectra were measured on a Varian Cary 50 spectrophotometer. 1H NMR 
spectra were recorded on Bruker WM-200 and Bruker AC-300 instruments and 13C 
NMR spectra on a Bruker AC-300 spectrometer. GPC measurements were performed 
with a Shimadzu GPC with Shimadzu refractive index and UV/VIS detectors using THF 
or CHCl3 as mobile phases. MALDI-TOF measurements were performed with a Kratos 
Kompact MALDI 4 instrument. 
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2.5.2    Syntheses 
Compounds 2.1 and 2.3 
These compounds were synthesized following a literature procedure.12 Purification of 
the compounds was performed by silica column chromatography and SEC (LH-20, 
eluent CH2Cl2/MeOH). 
 
21H,23H-5-(4-Hexadecyloxyphenyl)-10,15,20-tris-(1-methylpyridinium-4-
yl)porphyrin tri-(hexafluorophosphate) (2.2) 
To a dispersion of compound 2.1 (56 mg, 0.07 mmol) in DMF methyl iodide (0.44 ml, 7 
mmol) was added drop-wise. The reaction mixture was stirred for 17 hrs. after which 
the product was precipitated with diethyl ether. The brown-purple crude product was 
purified by silica column chromatography using a mixture of (CH2Cl2/MeOH/MeNO2) 
in different ratios and (MeOH/2M NH4Cl/MeNO2) as eluents. Subsequently, the 
compound was dissolved in water and precipitated in a saturated solution of ammonium 
hexafluorophosphate in water. After filtration a purple solid was obtained (65 mg, 70%). 
1H NMR (CD3CN, 500.13 MHz) δ 9.10 (d, 2H, β-pyrrole), 9.04 (d, 6H, pyridyl), 8.97 
(s, 4H, β-pyrrole), 8.89 (d, 2H, β-pyrrole), 8.78 (d, 6H, pyridyl), 8.11 (d, 2H, ArH), 
7.36 (d, 2H, ArH), 4.64 (s, 9H, N-CH3), 4.27 (t, 2H, ArOCH2, 
3J = 5.8 Hz), 2.33 
(quintet, 2H, OCH2CH2), 1.60 (quintet, 2H, OCH2CH2), 1.15-1.50 (b, 24H, 
CH2CH2CH2), 0.81 (t, 3H, CH2CH3), -2.95 (s, 2H, NH). FAB-MS 1336.7 (M), 1192.6 
(M-PF6), 1047.3 (M-2PF6), 902.4 (M-3PF6). UV-Vis (DMF) λ 427, 521, 558, 589, 648. 
UV-Vis (CH2Cl2) λ 441, 526, 563, 595, 653. 
 
Manganese(III)-5-(4-hexadecyloxyphenyl)-10,15,20-tris-(1-methyl-
pyridinium-4-yl)porphyrin trichloride (2.4) 
Compound 2.2 (15 mg, 0.01 mmol) was dissolved in DMF and the mixture was heated 
until reflux. Subsequently, a large excess of Mn(OAc)2.4H2O (27.5 mg, 0.11 mmol) was 
added and the mixture was refluxed for 2.5 hrs. and evaporated to dryness. The residue 
was dissolved in 2 ml of chloroform and to this solution 2 ml of an aqueous solution of 
sodium chloride (300 mg/ml) was added. The two-phase suspension was stirred for 18 
hrs. The product was extracted from the mixture with chloroform resulting in a green 
solid after evaporation of the solvent (10 mg, 91%). 
FAB-MS 955 (M(no Cl)), 940 (M-CH3(no Cl), 925 (M-2CH3(no Cl)). UV-Vis (DMF) λ 
463, 577, 629. UV-Vis (CH2Cl2) λ 470, 568, 610. 
 
Functional porphyrin amphiphiles 
 
51 
 
Manganese(III)-5-(4-hexadecyloxyphenyl)-10,15,20-tris-(4-pyridyl)-
porphyrin (2.5) 
Compound 2.1 (50 mg, 0.06) was dissolved in DMF and the mixture was heated until 
reflux. Subsequently, a large excess of Mn(OAc)2.4H2O (143 mg, 0.6 mmol) was added 
and the mixture was refluxed for 2 hrs. and evaporated to dryness to yield a green solid. 
The product was purified by size exclusion column chromatography (LH20, 
methanol/CH2Cl2, (1/1, v/v)) to yield 55 mg (95%) of 2.5. 
MALDI-TOF 910 (M) and FAB MS 910 (M). UV-Vis (CHCl3) λ 477, 574, 607. 
 
Manganese(III)-5-(4-hexadecyloxyphenyl)-10,15,20-tris-(1-methyl-
pyridinium-4-yl)porphyrin tri-tosylate (2.6) 
Compound 2.5 (50 mg, 0.06 mmol) was dissolved in a mixture of toluene and acetonitril 
(2/1, v/v). An excess of methyl tosylate (3 mmol) was added and the resulting reaction 
mixture was stirred at 90 °C for 20 hrs. After evaporation of the solvent, the solid 
material was dissolved in methanol/CH2Cl2 (1/1, v/v) and purified by size exclusion 
column chromatography (LH20, methanol/CH2Cl2 (1/1, v/v)) to yield a brownish 
green solid material (80 mg, 90 %). 
MALDI-TOF 955 (M noTos). UV-Vis (CH2Cl2) λ 472, 569, 611. 
 
21H,23H-5-(4-Hydroxyphenyl)-10,15,20-tris-(4-pyridyl)porphyrin (2.8) 
This compound was synthesized from 21H,23H-5(4-((ethylcarbonyl)oxy)phenyl)-
10,15,20-tris-(4-pyridyl)porphyrin according to a literature procedure. Overall yield: 
5.6%.20 
 
21H,23H-5-(4-(3-Bromopropyloxy)phenyl)-10,15,20-tris-(4-pyridyl)-
porphyrin (2.9) 
To a solution of 2.8 (200 mg, 0.32 mmol) in freshly distilled DMF crushed NaOH (86 
mg) was added. This mixture was stirred for 45 min. at room temperature. 
Subsequently, 1,3-dibromopropane (4 g) was added to the green solution and the 
reaction mixture was stirred for 19 hrs. under a nitrogen atmosphere. After 
neutralization with aqueous 1 M HCl and saturated aqueous NaHCO3, the crude product 
was extracted with CH2Cl2 and washed extensively with water. The organic layer was 
filtrated in order to remove small insoluble particles, after which the filtrate was 
evaporated to dryness. The product was purified by column chromatography (silica, 
gradient 5-8% EtOH/CH2Cl2) and precipitated in hexane to yield 60 mg (25%) of 2.9 as 
a purple solid. 
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1H NMR (CDCl3, 300.13 MHz) δ 9.05 (d, 6H, pyridyl, 
3J = 6.0 Hz), 8.96 (d, 2H, β-
pyrrole, 3J = 4.7 Hz), 8.85 (s, 4H, β-pyrrole), 8.82 (d, 2H, β-pyrrole, 3J = 4.7 Hz), 
8.16 (d, 6H, pyridyl, 3J = 6.0 Hz), 8.12 (d, 2H, ArH, 3J = 8.5 Hz), 7.31 (d, 2H, ArH, 
3J = 8.5 Hz), 4.42 (t, 2H, ArOCH2, 
3J = 5.8 Hz), 3.79 (t, 2H, CH2Br, 
3J = 6.3 Hz), 
2.53 (m, 2H, CH2CH2CH2), -2.86 (s, 2H, NH). FAB-MS isotopic pattern 754, 755, 
756, 757, 758 (M+1). UV-Vis (DMF) λ 418, 513, 548, 588, 647. 
 
21H,23H-tris-(4-Pyridyl)porphyrin functionalized polystyrene (ether-
linkage) (2.10) 
To a mixture of polystyrene-OH (100 mg, 0.025 mmol, GPC: Mn = 3913, PDI = 1.3) 
and NaH in a mixture of toluene and DMF (1/1, v/v), 2.9 (20 mg, 0.027 mmol) was 
added and the green solution was stirred for 96 hrs. at room temperature. Subsequently, 
the reaction mixture was neutralized with aqueous 1 M HCl and saturated aqueous 
NaHCO3, and evaporated to dryness. The obtained purple solid was dissolved in toluene 
and purified over a size exclusion column (Bio-beads S-X1), followed by further 
purification using silica column chromatography (3% EtOH/CH2Cl2). A solid purple 
product was obtained in 10 % yield (10 mg). 
1H NMR (CDCl3, 300.13 MHz) δ 9.05 (d, 6H, pyridyl, 
3J = 6.0 Hz), 8.95 (2H, β-
pyrrole), 8.85 (s, 4H, β-pyrrole), 8.80 (2H, β-pyrrole), 8.16 (d, 6H, pyridyl, 3J = 6.0 
Hz), 8.06 (2H, ArH(porphyrin)), 6.28-7.35 (2H, ArH(porphyrin) and 
ArH(polystyrene)), 4.13 (2H, ArOCH2), 3.50 (2H, CH2O-PS), 1.22-2.40 (CH2 and CH 
backbone polystyrene and tert-butyl endgroup), 0.70 (CH3 tert-butyl endgroup), -2.85 
(s, 2H, NH). MALDI-TOF (Figure 2.8 (paragraph 2.3.2)). GPC (paragraph 2.3.2, Mn 
=5219 g/mol, PDI = 1.1). UV-Vis (DMF) λ 418, 513, 548, 588, 647. 
 
21H,23H-5-(4-(3-(Phthalamide-aminopropyloxy)phenyl)-10,15,20-tris-(4-
pyridyl)porphyrin 
To a solution of 2.8 (50 mg, 0.08 mmol) in DMF, was added K2CO3 (100 mg, 0.8 
mmol) and the reaction mixture was refluxed for 2 hrs. Subsequently, N-(3-
bromopropyl)-phthalimide (43 mg, 0,16 mmol) was added and the reaction mixture was 
refluxed for 16 hrs. After filtration of the cooled reaction mixture, the resulting filtrate 
was evaporated to dryness and the product purified by silica column chromatography 
(5% EtOH/ CH2Cl2) to yield the target compound as a purple solid (25 mg, 38%). 
1H NMR (CDCl3, 300.13 MHz) δ 9.05 (d, 6H, pyridyl, 
3J =  6.0 Hz), 8.95 (d, 2H, β-
pyrrole, 3J = 4.7 Hz), 8.85 (s, 4H, β-pyrrole), 8.81 (d, 2H, β-pyrrole, 3J = 4.7 Hz), 
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8.16 (d, 6H, pyridyl, 3J = 6.0 Hz), 8.07 (d, 2H, ArH, 3J = 8.5 Hz), 7.91 (m, 2H, ArH 
phthalimide), 7.75 (m, 2H, ArH phthalimide), 7.21 (d, 2H, ArH, 3J = 8.5 Hz), 4.35 (t, 
2H, ArOCH2, 
3J = 6.0 Hz), 4.09 (t, 2H, CH2N, 
3J = 6.8 Hz), 2.40 (m, 2H, 
CH2CH2CH2), -2.87 (s, 2H, NH). 
Deprotection of the phthalimide-compound: the compound (25 mg, 0.03 mmol) was 
dissolved in 3 ml THF and heated to 60 °C. Subsequently, hydrazine-monohydrate (0.4 
ml) was added to the solution and the reaction mixture was stirred at 60 °C for 5 hrs. 
The THF layer was separated from the hydrazine layer, evaporated and the product re-
dissolved in CH2Cl2. The organic layer was neutralized with aqueous 3 M HCl and 
aqueous saturated NaHCO3 and evaporated to dryness. The product was purified by 
silica column chromatography (10% EtOH/ CH2Cl2) to give the target compound as a 
purple solid in 30% yield. 1H NMR (CDCl3, 200.13 MHz) revealed the presence of a 
significant amount of reduced porphyrin compounds. This compound was not used 
further and therefore not fully characterized. 
 
21H,23H-5-(4-(3-(Boc-aminopropyloxy)phenyl)-10,15,20-tris-(4-pyridyl)-
porphyrin 
To a suspension of compound 2.8 (88 mg, 0.14 mmol) in freshly distilled DMF was 
added K2CO3 (500 mg, 4.0 mmol) and Boc-protected bromopropylamine (120 mg, 0.5 
mmol). The reaction mixture was stirred for 16 hrs. at 90 °C under a nitrogen 
atmosphere. Subsequently, the mixture was filtered and the filtrate was evaporated to 
dryness. The crude product was purified by column chromatography (silica, 4% EtOH/ 
CH2Cl2) and precipitation in hexane to yield a purple solid (62 mg, 56%). 
1H NMR (CDCl3, 200.13 MHz) δ 9.05 (d, 6H, pyridyl, 
3J = 6.0 Hz), 8.96 (d, 2H, β-
pyrrole, 3J = 4.7 Hz), 8.85 (s, 4H, β-pyrrole), 8.81 (d, 2H, β-pyrrole, 3J = 4.7 Hz), 
8.16 (d, 6H, pyridyl, 3J = 6.0 Hz), 8.11 (d, 2H, ArH, 3J = 8.5 Hz), 7.30 (d, 2H, ArH, 
3J = 8.5 Hz), 4.92 (bs, 1H, NH), 4.33 (t, 2H, ArOCH2, 
3J = 5.6 Hz ), 3.51 (q, 2H, 
CH2NH) 2.19 (m, 2H, CH2CH2CH2), 1.51 (s, 9H, CH3), -2.87 (s, 2H, NH) ppm; 
13C 
NMR (75.47 MHz) δ 158.82, 149.92, 149.84, 148.32, 135.60, 133.90, 129.32, 
121.64, 117.40, 116.91, 112.96 (ArC), 30.19, 28.83, 28.19 ppm. FAB-MS (accurate 
mass) measured: 790.9427 (MH +), calc.: 791.3468, error: 1.3. 
 
21H,23H-5-(4-(3-Aminopropyloxy)phenyl)-10,15,20-tris-(4-pyridyl)-
porphyrin (2.11) 
The Boc-protected amino porphyrin (50 mg, 0.06 mmol) was dissolved in 10 ml of ethyl 
acetate and this solution was subsequently drop-wise added to 10 ml of 2.8 N HCl/ethyl 
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acetate. The green precipitate that was formed during the reaction was filtered off and 
the residue was dissolved in 10% MeOH/CHCl3. The solution was neutralized with 
aqueous saturated NaHCO3, washed extensively with water and evaporated to dryness 
yielding 41 mg of a purple solid (95%). 
1H NMR (CDCl3, 200.13 MHz)  δ 9.06 (d, 6H, pyridyl, 
3J = 6.0 Hz), 8.96 (d, 2H, β-
pyrrole, 3J = 4.7 Hz), 8.85 (s, 4H, β-pyrrole), 8.82 (d, 2H, β-pyrrole, 3J = 4.7 Hz), 
8.16 (d, 6H, pyridyl, 3J = 6.0 Hz), 8.11 (d, 2H, ArH, 3J = 8.5 Hz), 7.31 (d, 2H, ArH, 
3J = 8.5 Hz), 4.37 (t, 2H, ArOCH2, 
3J = 6.0 Hz), 3.11 (bt, 2H, CH2NH2, 
3J = 6.8 Hz), 
2.15 (m, 2H, CH2CH2CH2), -2.87 (s, 2H, NH) ppm;  
 
21H,23H-tris-(4-Pyridyl)porphyrin functionalized polystyrene (amide-
linkage) (2.12) 
To polystyrene-COOH (100 mg, Mn = 4000 g/mol, ≈ 0.025 mmol, PDI = 1.08) was 
added 4 ml of thionyl chloride and the solution was stirred for 16 hrs. under a nitrogen 
atmosphere at room temperature, after which it was evaporated to dryness. By twice 
dissolving the residue in CHCl3 and subsequent evaporating the solution the residual 
thionyl chloride was diminished. The product was dissolved in 8 ml freshly distilled DMF 
and to this solution was added 2.11 (40 mg, 0.06 mmol) and a small excess of Et3N. The 
resulting reaction mixture was stirred for 40 hrs. at room temperature under an argon 
atmosphere and evaporated to dryness. The product was purified by size exclusion 
column chromatography (eluent toluene, Bio-beads S-X1), and column chromatography 
(alumina, eluent CHCl3) to yield a purple solid (70 mg, 60%).  
1H NMR (CDCl3, 200.13 MHz) δ 9.05 (d, 6H, pyridyl, 
3J = 6.0 Hz), 8.90-8.98 (m, 
2H, β-pyrrole), 8.86 (s, 4H, β-pyrrole), 8.81 (d, 2H, β-pyrrole, 3J = 4.7 Hz), 8.16 (d, 
6H, pyridyl, 3J = 6.0 Hz), 8.02-8.12 (m, 2H, ArH(porphyrin)), 6.28-7.35 (2H, 
ArH(porphyrin) and ArH(polystyrene)), 5.56 (b, 1H, NH), 4.11 (m, 2H, ArOCH2), 
3.48 (m, 2H, CH2NH, 
3J = ), 2.96 (m, 2H, CH2CH2CH2), 1.22-2.40 (CH2 and CH 
backbone polystyrene and tert-butyl endgroup), 0.70 (CH3 tert-butyl endgroup), -2.87 
(s, 2H, NH) ppm. MALDI-TOF (Figure 2.9). UV-Vis (DMF) λ 417, 513, 546, 590, 
648. 
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Manganese(III)-tris-(4-pyridyl)-porphyrin functionalized polystyrene 
(amide-linkage) (2.13) 
A solution of 2.12 (40 mg, 0.0085 mmol) in DMF (8 ml) was heated at 170 °C under 
nitrogen. A large excess of Mn(OAc)2.4H2O (20 eq.) was added and the mixture was 
refluxed for 4 hrs. and evaporated to dryness. The crude green product was dissolved in 
chloroform and vigorously stirred with an aqueous NaCl solution (30 g/100 ml) for 16 
hrs. The organic layer was washed with water and evaporated to dryness. The crude 
product was purified with by size exclusion column chromatography (Bio-beads S-X1, 
eluent toluene) to yield 2.13 as a green solid material (35 mg, 87%). MALDI-TOF ( 
Figure 2.10). UV-Vis (THF) λ 475, 585, 621 (Figure 2.13). 
 
Manganese(III)-tris-(1-methylpyridyl)-porphyrin functionalized 
polystyrene (tritosylate) (amide-linkage) (2.14) 
Compound 2.13 (15 mg, 0.0031 mmol) was dissolved in a mixture of toluene and 
acetonitrile (2 : 1, v/v). An excess of methyl tosylate (50 equiv.) was added and the 
resulting reaction mixture was stirred at 80 °C for 42 hrs. After evaporation of the 
solvent, the solid material was dissolved in toluene and purified with by size exclusion 
column chromatography (Bio-beads S-X1, eluent toluene) to yield a brownish green 
solid material (12 mg, 75%).  MALDI-TOF (Figure 2.11). UV-Vis (THF) λ 475, 582, 
620 (Figure 2.16). 
 
2.5.3    Aggregation studies 
As described in the Results and Discussion section, aggregate solutions from the 
polymers were prepared by different methods, viz.  
• By the injection method: 100 μl of a THF-solution of the compound (polymer: 1 
mg/ml) was injected into 1 ml of ultra pure water with the help of a syringe. In 
order to homogenize the resulting solution, it was gently shaken by hand. This 
method was performed at room temperature as well at elevated temperatures. In 
some experiments sonication of the resulting aggregate dispersion while injecting 
the THF-solution was also applied. 
• By the method of the slow addition: ultra pure water was added to a THF-
solution containing the amphiphile (porphyrin-polystyrene: 0.15 mg/ml) with the 
help of a peristaltic pump (1.3 ml.h-1); the resulting dispersion was slowly 
mechanically stirred. In some cases the water was slowly added to the THF 
solution in small amounts at intervals with the help of a syringe in order to have 
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the opportunity to take samples of the dispersion at certain volume percentages of 
water. 
 
Samples for the TEM and SEM studies were prepared by drying a drop of the aggregate 
solution on a carbon-coated copper grid. Excess of water was blotted away after 2 min. 
with a filter paper. The platinum shadowing of the grids was performed in an Edwards 
coater model 306 under an angle of 45 with respect to the platinum source. For SEM 
studies samples on glass were prepared by drying a drop of the solution on a microscopy 
glass. A 1.5 nm layer of palladium/gold was sputtered on the SEM samples by using a 
Cressington 208 HR sputter coater fitted with a Cressington layer thickness controller. 
The samples were studied with the help of JEOL JSM-6330F (SEM) and a JEOL JEM-
1010 (TEM) instruments. 
 
2.5.4    Catalysis and HPLC 
Catalytic reactions were carried out according to the following standard procedure: 
The reaction mixture (1 ml) contained 66 mM phosphate buffer (pH 5), 450 μM 
carbamazepine (introduced as a 4.5 mM solution in methanol), 4 μM KHSO5, and 10 
μM metalloporpyrin. 
The oxidant was added as a solid, the catalyst was added from a stock-solution at the last 
moment to start the reaction. The experiments were performed at 22 ˚C; the stirring 
rate was 800 rpm. 
From time to time samples were taken which were diluted and analyzed by HPLC using 
a chromatograph equipped with a UV detector. Carbamazepine and its epoxide could be 
separated using a C18 column, 10 μm, and a mixture of methanol/water, (6/4, v/v) as 
eluent. Detection was at 215 nm. Benzophenon was used as an external standard. 
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3.1     Introduction 
3.1.1    Atom transfer radical polymerization (ATRP) 
Atom Transfer Radical Polymerization (ATRP) is a controlled radical polymerization 
technique.1 The polymerization process (Scheme 3.1) is initiated by the homolytic 
cleavage of a carbon-halogen bond by a transition metal based catalyst (step A). The most 
commonly used catalyst for ATRP is copper(I) bromide in combination with nitrogen-
based ligands. Upon cleavage of the carbon-halogen bond by the copper catalyst a radical 
is formed on the initiator molecule. This initiator will react with the first monomer (step 
B) to start the polymerization reaction and this chain will continue growing (step C) until 
termination takes place. In standard radical polymerizations propagation is very fast and 
termination takes place in an early stage of the polymerization process, resulting in high 
polydispersities. In the ATRP process, however, there is an equilibrium present between 
the growing chains ending with a radical end-group and halogen terminated (dormant) 
chains (step D). This equilibrium is shifted strongly in favour of the latter dormant 
chains. Therefore, the chances of termination reactions in an early stage of the 
polymerization and chain-transfer reactions are very low, resulting in controlled 
polymerization conditions and consequently low polydispersities. 
 
Initiation
Propagation
CuBr/L Initiator-Br Initiator CuBr2/L+ +
Initiator + M Initiator-M
Initiator-Pn Initiator-Pn+1+M
Initiator-Pn-Br
CuBr/L
CuBr2/L
+
CuBr2/L
Step A
Step B
Step C
Step D
 
 
Scheme 3.1 Schematic representation of the mechanism for ATRP. 
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A variety of monomers have been successfully polymerized using ATRP. Typical 
monomers include styrenes, (meth)acrylates, (meth)acrylamides and acrylonitrile. A 
wide range of initiators are suitable for ATRP, but the most widely used are the initiators 
based on α-bromo esters. Moreover, ATRP can be carried out either in bulk monomer, 
in solution (polar or apolar) or in heterogeneous systems (e.g. emulsion, suspension).1 
 
3.1.2    ATRP using functional initiators 
ATRP is tolerant to a large variety of functional groups in the monomers leading to 
polymers with functionalities along the chain.2 Another feature of ATRP is that the used 
initiator determines one of the end groups of the polymers. By using a functional 
initiator, simple functionalities such as vinyl, hydroxyl, epoxide, cyano groups can be 
incorporated at one chain end, while at the other chain end an alkyl halide remains.3 The 
combination of more complex functionalized initiators and ATRP has been proven to be 
successful as well. For example, maleimide functionalized initiators have been used to 
prepare star polymers by ATRP.4 Diblock copolymers can be synthesized in a convenient 
way with the help of ATRP by macro-initiation of halide terminated polymers5 and 
peptide-polymer hybrids have been prepared by ATRP with the help of peptide-
functionalized initiators.6 It even has been proven that proteins like Streptavidin7 and 
BSA8 can be part of an initiator system for ATRP. 
 
3.1.3    Porphyrins and ATRP 
In literature multiple combinations of porphyrins and ATRP have been described. The 
role of the porphyrin can vary substantially in these experiments. Cobalt porphyrins, for 
example, can act as a chain transfer agent9 and have been proven to be able to initiate and 
control living radical polymerizations.10 Other porphyrins have recently been used as 
part of the initiator group without interfering with the polymerization process itself. 
Zimmerman et al.11 have used ATRP in combination with a porphyrin-initiator complex 
to perform polymer imprinting (Figure 3.1). Eight initiator groups were attached to a 
porphyrin core from which a block copolymer of styrene and 4-butenylstyrene was 
polymerized. After cross linking of the side groups of the polymer, the porphyrin core 
was removed from the polymer mantle by hydrolysis, resulting in an imprinted polymer 
matrix. 
The same strategy was used by Fréchet et al.12 to produce amphiphilic diblock star 
polymers with palladium porphyrin cores. 
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Figure 3.1 The synthesis of cored star polymers with the help of ATRP by Zimmerman et al.11 
 
In this chapter the construction of porphyrin-functionalized polymeric amphiphiles is 
described by growing a polymer chain from a porphyrinic initiator. By using ATRP in the 
construction of these porphyrin functionalized polymers, it is expected that good control 
over the degree of polymerization and the chain length distribution can be obtained.  
 
3.2     Synthesis of porphyrin-initiators for ATRP 
A series of ATRP-initiators was prepared, all based on a mono 2-bromoisobutyryl-
functionalized tritolylporphyrin. The synthesis of these porphyrin functionalized 
initiators is described in Scheme 3.2. First, mono hydroxyl functionalized 
tritolylporphyrin 3.1 was prepared following a literature procedure13. 
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Scheme 3.2 Synthesis of the porphyrin functionalized initiators for ATRP. Reaction conditions: 
(a) 2-bromoisobutyryl bromide, Et3N, CH2Cl2. (b) MBr2, MeOH/CHCl3 (1/1, v/v), reflux. (c) 
PtCl2(PhCN)2, benzonitrile, reflux. (d) 2-bromoisobutyryl bromide, Et3N, CH2Cl2. 
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Subsequently, this porphyrin was functionalized with the initiator group for ATRP, an α-
bromo ester, by stirring it in dry dichloromethane with a small excess of 2-
bromoisobutyryl bromide in the presence of an equimolar amount of triethylamine. This 
resulted in the free-base porphyrin initiator 3.2 in 85% yield.  
Insertion of the desired metal was achieved by refluxing this compound in a mixture of 
methanol-chloroform (1/1, v/v) with the corresponding metal(II) bromide. This gave 
the copper, manganese and zinc porphyrin initiators 3.3a-3.3c in an average yield of 
99%.  
Platinum porphyrins exhibit interesting phosphorescence properties, among others a 
long life-time of the excited state.14 To investigate the effects on these properties upon 
assembly of the polystyrene-porphyrin hybrids, platinum porphyrin 3.5 was prepared 
and applied as initiator for the polymerization of styrene. The platinum porphyrin-
initiator 3.5 was prepared via a different route. In this case the platinum was first 
inserted into the hydroxyl functionalized porphyrin by refluxing the porphyrin with an 
excess of dichloro-dibenzonitril-platinum(II) in de-aerated benzonitrile to give 3.4 in 98 
% yield, after which the initiator group was coupled to the porphyrin following the same 
procedure as described for the free-base porphyrin (yield: 62%). 
Purification of the products was performed by silica column chromatograpy. The 
resulting porphyrin initiators were fully characterized by NMR, mass-spectrometry and 
elemental analysis. 
 
3.3     Polymerizations of styrene by ATRP 
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Scheme 3.3 Polymerization of styrene using porphyrin functionalized initiators by ATRP. 
 
With the initiators depicted in Scheme 3.2 bulk-polymerization of styrene under ATRP 
conditions was performed (Scheme 3.3). Copper(I) bromide was used as the catalyst 
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with two equivalents of pentamethyl diethylene triamine (PMDETA) as the ligand. The 
polymerizations were performed at 90˚C in a mixture of styrene/anisole (2/1, v/v). 
The conversion of styrene during the polymerization was followed by GC using anisole 
as the internal standard. 
 
 
Figure 3.2 Semi logarithmic plot of ln[M]0/[M]n vs. polymerization time for the 
polymerization of styrene using free-base porphyrin functionalized initiator 3.2. c One 
equivalent, z two equivalents, ¡ ten equivalents of copper(I) bromide. 
 
Polymerization of styrene with free-base initiator 3.2 did not take place with one 
equivalent of copper bromide, due to the preferential insertion of copper(II) into the 
porphyrin core (Figure 3.2 c). UV-vis spectroscopy showed that the insertion was 
already complete after the first 15 min of the reaction. As a result no Cu(II) was left to 
be converted into Cu(I) to enter the catalytic cycle. However, both with two and ten 
equivalents of copper, polymerization did take place (Figure 3.2 z and ¡). By using two 
equivalents of copper bromide the polymerization progressed in a controlled fashion, 
resulting in a polystyrene functionalized Cu(II) porphyrin (3.6a) with a PDI of 1.39 and 
Mn of 5.8 kg mol
-1 as was confirmed by GPC (Table 3.1 and Figure 3.3A) and MALDI-
TOF mass spectrometry (Figure 3.3B). When ten equivalents of copper bromide were 
used, GPC showed that the formed polystyrene had a much higher molecular weight 
than expected based on the ratio of monomer to initiator. Also, a low molecular weight 
peak was observed, which had a strong absorption at λ = 420 nm and a much weaker 
one at λ = 254 nm, pointing to the presence of a high concentration of porphyrin with 
almost no styrene-monomers connected. Probably, the increase in Cu(I) concentration 
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results in an increased number of radicals at the start of the polymerization and hence to 
an increase in termination reactions. This alters the free radical/monomer ratio in a later 
stage of the polymerization in favour of high molecular weight polymer. Also, the large 
amount of copper can lead to the cleavage of the ester bond between the porphyrin and 
the growing polymer chain.  
 
 
 
Figure 3.3 (A) GPC-traces of Cu-porphyrin polystyrene 3.6a (prepared with two equivalents of 
CuBr) measured at two different wavelengths, λ=254 nm (polystyrene) and λ=420 nm (soret band 
Cu-porphyrin). (B) MALDI-TOF spectrum of Cu-porphyrin polystyrene (linear mode). 
 
 
Figure 3.4 Semi logarithmic plot of ln[M]0/[M]n vs. polymerization time for the 
polymerization of styrene using Cu-porphyrin functionalized initiator 3.3a. 
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When Cu-porphyrin 3.3a was applied as the initiator, 1 equivalent of CuBr proved to be 
sufficient to perform a reasonably controlled polymerization, as expected (Figure 3.4).  
In order to construct amphiphilic polystyrenes with catalytic properties polymer 3.6b 
was prepared from initiator 3.3b having a positively charged manganese headgroup. 
Figure 3.5 shows the progress of the polymerization versus time. The curve of 
ln[M]0/[M]n versus time is more or less linear and the product Mn(III) porphyrin 
polystyrene 3.6b showed a relatively high polydispersity of PDI = 1.5 (Table 3.1).  
Only a limited number of metals inside the porphyrin catalyst can be used, since these 
metals may interact with the copper catalyst. The use of free-base initiator followed by 
insertion of the metal after polymerization is not an option due to insertion of copper 
during the polymerization of styrene. In addition, the copper is difficult to remove from 
the porphyrin core and will result in decomposition of the macromolecule. Therefore, 
Zn-porphyrin polystyrene 3.6c was synthesized. Zinc is easily removed from the 
porphyrin under mild acidic conditions, allowing subsequent insertion of a different 
metal centre. After an initiation period (the initiation jump at the start of the 
polymerization) the curve of ln[M]0/[M]n versus time of the polymerization of styrene 
using the Zn-porphyrin initiator 3.3c (Figure 3.5) is linear, indicating a controlled 
polymerization. This was further confirmed by the low polydispersity (PDI = 1.14) of 
the resulting Zn-porphyrin end-capped polystyrene (Table 3.1). The observed initiation 
jump may be a result of the formation of aggregates during the polymerization. 
For the free-base porphyrin initiator with 2 equivalents of CuBr as well as for all three 
metallo-porphyrin initiators the conversion of styrene in time followed first-order 
kinetics directly from the start of the reaction or after an initiation period. The rate 
constants that were determined from the linear part of the plots varied from k1 = 5.1 × 
10-6 to 8.9 × 10-6 s-1, depending on the initiator used. 
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Figure 3.5 Semi logarithmic plot of ln[M]0/[M]n vs. polymerization time for the 
polymerization of styrene using Mn-porphyrin functionalized initiator 3.3b z and Zn-porphyrin 
functionalized initiator 3.3c  . 
 
Table 3.1 Polymerization of styrene by ATRP. Polymerization conditions and characterization 
of the polymers. 
Initiator Polystyrene 
product 
Polymerization conditions PDI (a) Mn
(a) 
kg mol-1 
Mw
 (a) 
kg mol-1 
3.2 3.6a (2 equiv.) 2 equiv. CuBr, 2 equiv. PMDETA(b) 1.39 5.8 8.0 
3.2 3.6a (10 equiv.) 10 equiv. CuBr, 20 equiv. PMDETA(b) 1.28 16.0 20.0 
3.3a 3.6a 1 equiv. CuBr, 2 equiv. PMDETA(b) 1.22 4.2 5.2 
3.3b 3.6b 1 equiv. CuBr, 2 equiv. PMDETA(b) 1.57 3.9 6.2 
3.3c 3.6c 1 equiv. CuBr, 2 equiv. PMDETA(b) 1.14 3.6 4.2 
3.5 3.6d 1 equiv. CuBr, 2 equiv. PMDETA(b) 1.25 5.2 6.5 
(a) Determined by GPC. (b) Pentamethyl diethylene triamine. 
 
The semi logarithmic plot of ln[M]0/[M]n vs. polymerization time for the Pt-porphyrin 
functionalized initiator 3.5 slowly levelled of at the end of the polymerization (Figure 
3.6), suggestive of a poorly controlled polymerization process. In contrast to the 
polymerization from initiator 3.3c, during this process the plot of ln[M]0/[M]n vs. 
polymerization time does not show first order kinetics after the initiation period. 
Surprisingly, the resulting polymer, as determined by GPC, turned out to be a well 
functionalized platinum porphyrin polystyrene with reasonably polydispersity (Table 
3.1), suggesting that the polymerization nevertheless had taken place in a rather 
controlled fashion. 
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Figure 3.6 Semi logarithmic plot of ln[M]0/[M]n vs. polymerization time for the styrene 
polymerization from Pt-porphyrin functionalized initiator 3.5. 
 
 
3.4     Polymerization of methyl methacrylate by ATRP 
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Scheme 3.4 Polymerization of methyl methacrylate by ATRP using Cu-porphyrin functionalized 
3.3a as initiator. 
 
The scope of the ATRP reaction was further investigated with the polymerization of 
methyl methacrylate (mma) using 3.3a as the initiator. Copper(I) bromide was used as 
the catalyst with two equivalents of N-(n-propyl)-2-pyridylmethanimine (NMPI) as the 
ligand. The polymerization was performed at 85˚C in a mixture of mma/toluene (1/1, 
v/v). The conversion of mma during the polymerization was followed by GC with 
toluene as the internal standard, giving a linear relationship between the natural 
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logarithm of the conversion and polymerization time (Figure 3.7) indicating a controlled 
polymerization. The resulting Cu-porphyrin polymethylmethacrylate was analyzed by 
GPC providing the following data: Mn = 2950 g.mol
-1, Mw = 3287 g.mol
-1, PDI = 1.11 
(measured at λ = 420 nm). 
 
 
Figure 3.7 Semi logarithmic plot of ln[M]0/[M]n vs. polymerization time for the 
polymerization of methyl methacrylate using Cu-porphyrin functionalized 3.3a as initiator. 
 
3.5     Polymerization from a pyridine porphyrin initiator 
3.5.1    Introduction 
In Chapter two we already described our interest in polymers functionalized with 
porphyrins containing pyridine substituents. The latter are introduced in order to make 
the porphyrins more water soluble. Pyridine substituents on the porphyrin are also of 
interest because of their possible role as ligands in the formation of supramolecular 
complexes. In addition to being a ligand donor, the tetra pyridyl metal porphyrin can 
also accept two extra axial ligands via its metal center. Pyridine functionalized 
porphyrins, therefore, can act as building blocks for the preparation of complex 
supramolecular architectures based on metal-ligand interactions.15 In this Chapter we 
describe experiments aimed at using a pyridine functionalized porphyrin as initiator for 
ATRP. For these experiments a porphyrin with two pyridine groups and two initiator 
groups (3.8) was used. The resulting polymers may be applied as building blocks for the 
construction of large polymer-based rotaxanes, e.g. porphyrin-boxes that are threaded 
onto a polymer containing a pyridine functionalized porphyrin.16 
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3.5.2    Results and discussion 
The synthesis of a Zn-porphyrin functionalized with two pyridine groups (trans-
substituted) and two polystyrene tails (3.9) is depicted in Scheme 3.5. First, a Zn-
porphyrin with two trans-substituted initiator groups (3.8) was prepared following the 
same strategy as described for the metallo-porphyrin initiators (see above). 
Subsequently, bulk polymerization of styrene was performed using this initiator and 
standard ATRP conditions, i.e. two equivalents of Cu(I) Br relative to the concentration 
of 3.8, meaning one equivalent of CuBr for every initiator group. Pentamethyl 
diethylene triamine (PMDETA) was used as the ligand (two equivalents with respect to 
the CuBr concentration). The polymerization was performed at 90˚C in a mixture of 
styrene/anisole (2/1, v/v), and the conversion of styrene was followed by GC with 
anisole as the internal standard (Figure 3.8). 
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Scheme 3.5 Polymerization of styrene using Zn-porphyrin 3.8 as initiator. 
 
The rate of polymerization was found to deviate from the ideal linear first order kinetic 
curve in the early stage of the polymerization reaction, indicating a poorly controlled 
process (Figure 3.8). This might result from an early termination of the growing 
polymer chain and hence result in an increase of the polydispersity of the sample. 
However, the number average molecular weight of the polymer showed a normal 
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increase during the polymerization, see Figure 3.9A. Furthermore, as can be seen in 
Figure 3.9B the polydispersity did not increase significantly during the polymerization, 
again an indication of a controlled polymerization process. Fitting the linear part of the 
curve in Figure 3.8, resulted in a line with R2 = 0.993, an acceptable deviation from a 
straight line. The rate constant for the conversion of styrene for this part of the 
polymerization reaction was 6.1 × 10-6.s-1. 
 
 
Figure 3.8 Semi-logarithmic plot of ln[M]0/[M]n vs. polymerization time for the 
polymerization of styrene using Zn-porphyrin 3.8 as  initiator. 
 
The resulting porphyrin sample with two polystyrene tails was purified from small 
molecular weight products using size exclusion column chromatography (Biobeads S-X1, 
toluene) and characterized by NMR, GPC and MALDI-TOF mass spectrometry. GPC 
measurements on the isolated porphyrin-polystyrene hybrid at two different wavelengths 
(λ = 254 nm for the polystyrene tails and λ = 420 nm for the Zn-porphyrin) proved that 
the polystyrene and the porphyrin were present in one compound, with a Mn of 5464 
and a polydispersity of 1.3. 
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Figure 3.9 Polymerization of styrene using 3.8 as the initiator complex.  (A) Number average 
molecular weight (Mn) as a function of the styrene conversion. (B) Polydispersity of the polymer as a 
function of the styrene conversion. Measured by GPC (λ = 420 nm). 
 
 
Figure 3.10 (A) MALDI-TOF spectrum of bis-polystyrene Zn-porphyrin 3.9 (linear mode). (B) 
End-group analysis based on the spectrum shown in A. Intercept with the y-axis gives the total mass 
of the combined end-groups of the polymer. 
 
MALDI-TOF measurements on the polymer porphyrin hybrid resulted in the spectrum 
depicted in Figure 3.10A. The spectrum shows two sets of masses both with peaks at 
intervals of 104, the mass of the polystyrene unit. For both mass sets end-group analysis 
was performed to determine the end-groups of the polymer. The most dominant mass 
set revealed a Zn-porphyrin with two polystyrene tails, as expected, but with the two 
bromine’s at the end of both polystyrene tails substituted by hydroxyl groups, resulting 
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in a total mass of the combined end-groups (one bis-pyridine-Zn-porphyrin and two 
hydroxyl groups) of 1082.8 (Figure 3.10B). The second mass set appeared to be from a 
similar Zn-porphyrin but with only one polystyrene tail ending in a hydroxyl group and 
the other tail ending in a double bond. The substitution of the bromine at the end of the 
polystyrene is observed more often for polymers prepared by ATRP and seems to occur 
during the purification of the polymerization mixture or at the end of the polymerization 
process.  
In conclusion, the polymerization of styrene using a porphyrin with two initiator groups 
and two pyridine groups results in a porphyrin polystyrene hybrid material with an 
acceptable polydispersity. The two pyridine groups connected to the porphyrin appeared 
not to interfere with the polymerization process, although these groups could function as 
ligands for the Cu catalyst. These results demonstrate again the versatility of ATRP in the 
preparation of a wide variety of polymer hybrids. 
 
3.6     Polymerization of isocyanopeptides using a porphyrin 
nickel complex as catalyst 
3.6.1    Introduction 
Polyisocyanides form stable helical architectures depending on the nature of their 
substituents. The helical secondary structure of the polyisocyanide has a big influence on 
the aggregation behavior of the polymer. It has been shown that blockcopolymers 
containing a rigid, helical polyisocyanide block, display remarkable aggregation behavior, 
highly influenced by the chirality present in the helical backbone of the macromolecule. 
This interesting behavior opens the possibility to further control the formation of well-
defined nano-architectures. 
By far the most frequently applied polymerization of isocyanides involves the use of a 
Ni(II)-catalyst, which via the so-called ‘merry-go-round’ mechanism, results in a helical 
polyisocyanide.17 The helical conformation of this polymer can be stabilized when its 
side-chains have the possibility to form intramolecular hydrogen bonds, e.g. as in the 
case of di- or tripeptide substituents. The rigid polyisocyanopeptides have been applied as 
well-defined scaffolds for a variety of functional groups, e.g. thiophenes18, porphyrins19, 
and perylenes20. These materials possibly can find applications as electron or energy 
conducting polymers. 
Recently, it was reported that amine end-capped polymers can be used as initiators in the 
nickel(II) catalyzed polymerization of isocyanopeptides.21 By this approach polystyrene-
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polyisocyanide rod-coil blockcopolymers were prepared, as well as dendritic structures 
with a flexible carbosilane center and rigid polyisocyanide tails. These superamphiphiles 
were found to display interesting aggregation behavior. 
In order to prepare porphyrin funtionalized polymers having a rigid polymer tail, the 
possibility of growing a polyisocyanide chain from a porphyrin functionalized nickel(II) 
complex was investigated. It was expected that the aggregation behavior of the resulting 
mono-porphyrin functionalized polymers will be controlled by the helical secondary 
structure of the polyisocyanide tail. 
 
3.6.2    Results and Discussion 
The synthesis of the porphyrin functionalized polyisocyanopeptide is depicted in Scheme 
3.6. In order to obtain the porphyrin-nickel(II) complex, first an amine functionalized 
porphyrin was prepared by coupling a boc-protected bromopropylamine to a 
monohydroxy functionalized tritolyl porphyrin (3.1) (yield 90%). The resulting 
compound 3.10 could easily be deprotected with HCl saturated ethyl acetate to give the 
amine functionalized porphyrin 3.11 in 70% yield.22 
Addition of this porphyrin to the complex Ni(II)(CN-tert-pentyl)4(ClO4)2 in 
dichloromethane provided porphyrin nickel(II) carbene complex 3.12 in 100% yield. 
This complex was characterized by NMR as well as IR and the obtained spectra showed 
the characteristic signals expected for the carbene Ni-complex (13C NMR: δ = 178 ppm 
(N-C-N), δ =119.9 ppm (Ni-C=N); IR: ν = 2247 and 2225 cm-1 (C=N), ν = 1583 cm-
1 (N-C-N)). 
Polymerization was performed by adding L-isocyanoalanyl-L-alanine methyl ester to a 
solution of the initiator complex in dry dichloromethane to yield porphyrin-
polyisocyanopeptide 3.13. The resulting polymer was purified by precipitation in a 
mixture of methanol/water (3/1, v/v) and analyzed by circular dichroism (CD) and 
NMR. 
For purification, the polymer batch was subjected to a size exclusion column 
chromatography (Biobeads S-X1, chloroform). The broad polymer band was divided into 
five different fractions which were separately analyzed by CD and GPC. The GPC results 
were unclear, as expected for polyisocyanopeptide compounds since these rigid polymers 
have already been proven not to be easily analyzed by GPC.23 
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Scheme 3.6 The synthesis of porphyrin-poly(L-isocyanoalanyl-L-alanine methyl ester). Reaction 
conditions: (a) Boc-bromopropylamine, K2CO3, DMF. (b) TFA/CH2Cl2 (1/1, v/v), 0˚C. (c) 
Ni(II)(CN-tert-pentyl)4(ClO4)2, CH2Cl2. (d) L-isocyanoalanyl-L-alanine methyl ester, CH2Cl2. 
 
The CD results, however, revealed that when the CD-signals at λ=310 nm of the 
different polymer fractions were normalized to the UV-Vis signal of the porphyrin Soret 
band, the signals were higher for the fractions containing the longest polymers (the 
fractions travelling the fastest on the size exclusion column (SEC)) (Figure 3.11). This 
Cotton-effect at λ = 310 nm originates from the n-π* transitions of the imine 
chromophores and is directly proportional to the excess of helical polymer.  Assuming 
that polymerization only takes place from the porphyrin initiator, this CD-effect, 
normalized to the porphyrin Soret band, is a measure of the polymer length, assuming 
that all polymer molecules exist as single handed helices. These results show, therefore, 
that polyisocyanopeptides of different lengths can be successfully separated by SEC in 
chloroform. 
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Figure 3.11 Circular dichroism spectra of porphyrin-polyisocyanopeptide fractions collected after 
SEC, normalized to the intensities of the porphyrin Soret bands at λ=420 nm.  
 
For one of the fractions (a polymer with relatively low molecular weight), a MALDI-
TOF spectrum was recorded which clearly showed a mass-distribution with intervals of 
184 mass units as expected for a polymer containing alanine-alanine monomer units. 
To check if the polymers formed by this porphyrin-initiated polymerization were indeed 
rigid polymers, AFM on one of the polymer batches was performed. Figure 3.12 shows 
the AFM micrograph of the porphyrin polyisocyanopeptide hybrid, suggesting that the 
polymers indeed are rigid rods, varying in size from 20 -125 nm. From the AFM-images 
the lengths of the polymers chains were determined and from their distributions the 
number- (Mn) and weight-averaged molecular weights (Mw) and the polydispersity 
(PDI), giving the following values: Mn = 89.8 kg.mol 
-1, Mw = 105.2 kg.mol 
-1 and PDI 
=1.2.  
Duplo and triplo experiments on the polymerization reaction revealed that the length of 
the resulting polymers was difficult to control (based on a comparison of the intensity of 
the Cotton-effect at λ=310 nm with the intensity of the porphyrin absorption at λ=420 
nm). This poor control of molecular weight is probably caused by differences in the 
efficiency of the initiation-step of the polymerization process.23 Some experiments 
presumably had a higher efficiency in the initiation reaction, leading to more growing 
chains, and hence to lower molecular weight polymers. 
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Figure 3.12 (A) AFM-micrograph of porphyrin polyisocyanopeptide hybrid 3.13. (B) Histogram 
showing the length distribution, the number- (Mn) and weight-averaged molecular weight (Mw), and 
the polydispersity (PDI) as measured from the AFM-images. 
 
The aggregation behavior of the porphyrin polyisocyanopeptides from the first 
polymerization batch was studied in chloroform/methanol mixtures. Aggregation was 
induced by adding methanol to a solution of the polymer in chloroform (10 mg/ml). The 
solution turned cloudy at 50% of methanol in chloroform, indicating the formation of 
aggregates. Aggregates prepared by using 5, 20 and 50% methanol in chloroform, were 
deposited on carbon coated grids and studied by transmission electron microscopy 
(TEM) (Figure 3.13A and B) and scanning electron microscopy (SEM) (Figure 3.13C and 
D).  
It was found that at 50% methanol in chloroform, interesting fibre-like structures were 
formed by the porphyrin-polyisocyanopeptides. The fibres appeared to twist around each 
other, eventually resulting in the formation of large networks and spherical clusters 
interconnected by rod-shaped fibres. 
Further studies on the different batches of porphyrin-polyisocyanopeptides and also on 
polyisocyanopeptides without porphyrin head groups, showed that the porphyrin 
probably did not influence the aggregate structures that were formed in the methanol-
chloroform mixtures. However, the length of the polyisocyanopeptide tails proved to be 
of great influence. It was found that the porphyrin- polyisocyanopeptides with high 
molecular weights assembled into long rods, whereas the ones with low molecular 
weights gave smaller assemblies, mostly short rods (rice-shaped rods) and spherical 
aggregates (Figure 3.14A and B). UV-Vis studies provided no evidence of stacking of the 
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porphyrins upon addition of methanol to a chloroform solution of the porphyrin- 
polyisocyanopeptide hybrids, further indicating that the porphyrin head groups had no 
significant effect on the aggregation process of the polyisocyanopeptides. 
 
 
 
 
Figure 3.13 Transmission electron micrographs (A (not shadowed) and B (platinum shadowed)) 
and scanning electron micrographs (C and D) of the aggregates formed by polymer 3.13 (high 
molecular weight fraction) in methanol/chloroform (1/1, v/v). 
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Figure 3.14 Transmission (A) and scanning electron micrographs (B) of the aggregates formed by 
polymer 3.13 (low molecular weight fraction) in methanol/chloroform (1/1, v/v).  
 
3.7     Conclusions 
A variety of metallo-tritolylporphyrin based initiators were successfully prepared and 
tested in polymerization reactions using ATRP. The polymerization of styrene as well as 
of methyl metacrylate proceeded in an overall controlled fashion, yielding well-
functionalized metallo-porphyrin polymers with low polydispersities. The metallo-
tritolylporphyrins used in this research did not interfere with the polymerization process. 
The bis-pyridine functionalized porphyrin complex that was tested in the polymerization 
of styrene by ATRP proved to be a successful initiator, despite the presence of the 
coordinating pyridine substituents. These results demonstrate the wide applicability of 
ATRP in the synthesis of polymer hybrids. Our strategy of using porphyrin 
functionalized initiators in ATRP appears to be a very successful procedure for preparing 
porphyrin-polymer hybrids. 
A porphyrin containing nickel(II) isocyanide complex was prepared as initiator for the 
Ni(II) catalyzed polymerization of L-isocyanoalanyl-L-alanine methyl ester. Via this 
approach porphyrin functionalized polyisocyanopeptides could be successfully obtained. 
The porphyrin-polyisocyanopeptide hybrids were found to self-assemble into fibre-like 
structures in methanol/chloroform mixtures. Experiments revealed that the aggregation 
process is probably dominated by the polyisocyanopeptide part of the hybrid polymers. 
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3.8     Experimental section 
3.8.1    General methods and materials 
CHCl3 and CH2Cl2 were distilled over CaCl2, methanol over CaH2 and toluene over 
sodium. All other chemicals were used as commercially obtained unless stated otherwise. 
UV-Vis spectra were measured on a Varian Cary 50 spectrophotometer. 1H NMR 
spectra were recorded on Bruker WM-200 and Bruker AC-300 instruments, 13C NMR 
spectra on a Bruker AC-300 spectrometer. GPC measurements were performed with a 
Shimadzu GPC with Shimadzu refractive index and UV-Vis detectors using THF or 
CHCl3 as mobile phases. MALDI-TOF measurements were performed with a Kratos 
Kompact MALDI 4 instrument. CD spectra were measured on a JASCO 810 instrument. 
Elemental analyses were determined on a Carlo Erba 1180 instrument. 
 
3.8.2    Syntheses 
21H,23H-5(4-Hydroxyphenyl)-10,15,20-tris-(4-methylphenyl)porphyrin 
(3.1) 
This compound was prepared following a literature procedure.13 
 
21H,23H-5(4(2-Bromoisobutyryloxy ester)phenyl)-10,15,20-tris-(4-methyl-
phenyl)porphyrin (3.2) 
To a solution of 3.1 (160 mg, 0.24 mmol) and triethylamine (80 μl, 0.6 mmol) in dry 
dichloromethane was slowly added 2-bromoisobutyryl bromide (75 μl, 0.6 mmol). The 
reaction mixture was stirred for 30 min. Subsequently, the organic layer was washed 
with water and evaporated to dryness. The crude reaction product was purified by silica 
column chromatography (silica, 1% MeOH/CHCl3) to yield 3.2 as a purple solid (165 
mg, 85 %). 
1H NMR (CDCl3, 300.13 MHz) δ 8.88-8.81 (m, 8H, β-pyrroleH), 8.24 (d, 2H, ArHO, 
3J = 8.5 Hz),  8.09 (d, 6H, ArHCH3, 
3J = 7.7 Hz), 7.56 (d, 6H, ArHCH3, 
3J = 7.7 Hz), 
7.54 (d, 2H, ArHO, 3J = 8.22 Hz), 2.71 (s, 9H, ArCH3), 2.23 (s, 6H, C(CH3)2Br), -
2.78 (s, 2H, NH) ppm.  
Maldi-TOF mass spectrometry (reflective mode) m/z 820, 821, 822, 823, 824, 825 
(isotopic pattern M+). UV-Vis (CHCl3) λ 420, 517, 553, 594, 648 nm. IR (KBr pellet) 
ν(C=O) 1756 cm
-1. El. Anal. Calcd. For C51H41BrN4O2: C, 74.54; H, 5.03; N, 6.82. 
Found: C, 74.36; H, 5.15; N, 6.47. 
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Cu-5(4(2-bromoisobutyryloxy ester)phenyl)-10,15,20-tris-(4-methyl-
phenyl)porphyrin (3.3a) 
Compound 3.2 (75 mg, 0.09 mmol) was dissolved in a mixture of methanol/chloroform 
(1/1 v/v). To this mixture was added copper(II)bromide (204 mg, 0.9 mmol) and the 
mixture was refluxed for 28 hrs. After washing with water the organic layer was 
evaporated to dryness resulting in a red solid compound. The crude product was purified 
by column chromatography (silica, CHCl3) to yield 80 mg of compound 3.3a as a red 
solid (99 %). 
UV-Vis (CHCl3) λ 417, 541, 574 nm. 
Maldi-TOF mass spectrometry (reflective mode) m/z 880, 881, 882, 883, 884 (isotopic 
pattern M+). 
El. Anal. Calcd. For C51H39BrN4O2Cu: C, 69.35; H, 4.45; N, 6.34. Found: C, 67.79; 
H, 4.31; N, 5.54, no reproducible elemental analysis could be obtained probably due to 
incomplete combustion. 
 
Mn-5(4(2-bromoisobutyryloxy ester)phenyl)-10,15,20-tris-(4-methyl-
phenyl)porphyrin (3.3b) 
This compound was prepared as described for 3.3a. 
UV-Vis(CHCl3) λ 382, 486, 586, 626 nm. 
Maldi-TOF mass spectrometry (reflective mode) m/z 873, 874, 875, 876, 877, 878 
(isotopic pattern M+).El. Anal. Calcd. For C51H39BrN4O2Mn: C, 70.03; H, 4.49; N, 
6.40. Found: C, 60.99; H, 4.27; N, 5.12, no reproducible elemental analysis could be 
obtained probably due to incomplete combustion. 
 
Zn-5(4(2-bromoisobutyryloxy ester)phenyl)-10,15,20-tris-(4-methyl-
phenyl)porphyrin (3.3c) 
This compound was prepared as described for 3.3a. 
1H NMR (CDCl3, 300.13 MHz) δ 8.94-8.89 (m, 8H, β-pyrroleH), 8.22 (d, 2H, ArHO, 
3J = 8.4 Hz),  8.07 (d, 6H, ArHCH3, 
3J = 7.8 Hz), 7.53 (d, 6H, ArHCH3, 
3J = 7.8 Hz), 
7.51 (d, 2H, ArHO, 3J = 8.4 Hz),  2.70 (s, 9H, ArCH3),  2.23 (s, 6H, C(CH3)2Br) ppm.  
UV-Vis (CHCl3) λ 421, 549, 586 nm. 
Maldi-TOF mass spectrometry (reflective mode) m/z 882, 883, 884, 885, 886, 887, 
888 (isotopic pattern M+). 
El. Anal. Calcd. For C51H39BrN4O2Zn: C, 69.20; H, 4.44; N, 6.33. Found: C, 68.94; 
H, 4.42; N, 5.74. 
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Pt-5(4-hydroxyphenyl)-10,15,20-tris-(4-methylphenyl)porphyrin (3.4) 
A solution of 3.1 (50 mg, 0.07 mmol) in benzonitrile was purged with argon for 15 min. 
after which an excess of PtCl2(PhCN)2 (95 mg, 0.2 mmol) was added to the solution. 
The resulting mixture was refluxed for 18 hrs and evaporated to dryness. The crude 
product was purified by column chromatography (silica, 1% MeOH/CHCl3) to yield 64 
mg of compound 3.4 as an orange solid (98%). 
UV-Vis (CHCl3) λ 404, 510, 541 nm.  
This compound was immediately used to make 3.5 which was fully characterized. 
 
Pt-5(4(2-bromoisobutyryloxy ester)phenyl)-10,15,20-tris-(4-methylphenyl)-
porphyrin (3.5) 
To a solution of 3.4 (64 mg, 0.07 mmol) and triethylamine (20 μl, 0.14 mmol) in dry 
dichloromethane was slowly added 2-bromoisobutyryl bromide (20 μl, 0.16 mmol). The 
reaction mixture was stirred for 15 min. Subsequently, the organic layer was washed 
with water and evaporated to dryness. The crude reaction product was purified by silica 
column chromatography (silica, CHCl3) to yield 3.5 as an orange solid (43 mg, 62 %). 
1H NMR (CDCl3, 300.13 MHz) δ 8.75-8.69 (m, 8H, β-pyrroleH), 8.15 (d, 2H, ArHO, 
3J = 8.7 Hz),  7.99 (d, 6H, ArHCH3, 
3J = 7.8 Hz), 7.51 (d, 6H, ArHCH3, 
3J = 7.8 Hz), 
7.50 (d, 2H, ArHO, 3J = 8.7 Hz), 2.68 (s, 9H, ArCH3), 2.22 (s, 6H, C(CH3)2Br) ppm.  
UV-Vis (CHCl3) λ 404, 510, 541 nm. 
Maldi-TOF mass spectrometry (reflective mode) m/z 1012, 1013, 1014, 1015, 1016 
(isotopic pattern M+). 
 
21H,23H-5(4-(3-Boc-aminopropyloxy)phenyl)-10,15,20-tris-(4-methyl-
phenyl)porphyrin (3.10) 
To a solution of compound 3.1 (140 mg, 0.2 mmol) in freshly distilled DMF was added 
12 equiv. of K2CO3 (2.5 mmol, 340 mg) and Boc-protected bromopropylamine (0.7 
mmol, 165 mg). The reaction mixture was stirred for 16 hrs at 90 °C under nitrogen. 
Subsequently, the mixture was filtrated and the filtrate was evaporated to dryness. The 
crude compound was purified by column chromatography (silica, 0.5% MeOH/ CHCl3) 
and SEC (Biobeads, toluene) to yield compound 3.10 as a purple solid (150 mg, 90%). 
1H NMR (CDCl3, 200.13 MHz) δ 8.85 (s, 8H, β-pyrroleH), 8.13-8.08 (m, 2H, ArHO 
and 6H, ArHCH3), 7.56 (d, 6H, ArHCH3, 
3J = 7.9 Hz), 7.29 (d, 2H, ArHO, 3J = 8.22 
Hz), 4.93 (s, 1H, OCH2CH2CH2NH), 4.33 (t, 2H, OCH2CH2CH2NH), 3.51(m, 2H, 
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OCH2CH2CH2NH), 2.71 (s, 9H, ArCH3), 2.18 (quintet, 2H, OCH2CH2CH2NH), -2.78 
(s, 2H, NH) ppm.  
 
21H,23H-5(4-Aminopropyloxyphenyl)-10,15,20-tris-(4-methylphenyl)-
porphyrin (3.11) 
Compound 3.10 (85 mg, 0.1 mmol) was dissolved in 10 ml of a mixture of TFA/CH2Cl2 
(1/1, v/v) and stirred for 10 min at 0 ˚C. The reaction mixture was neutralized with 
saturated aqueous NaHCO3, followed by extraction with MeOH/CHCl3. The organic 
layer was evaporated to dryness resulting in a purple solid. The product was purified by a 
SEC (Biobeads, toluene), yielding compound 3.11 as a purple solid (50 mg, 70%). 
1H NMR (CDCl3, 300.13 MHz) δ 8.84 (s, 8H, β-pyrroleH), 8.10-8.07 (m, 2H, ArHO 
and 6H, ArHCH3), 7.54 (d, 6H, ArHCH3, 
3J = 7.8 Hz), 7.28 (d, 2H, ArHO, 3J = 8.22 
Hz), 4.34 (t, 2H, OCH2CH2CH2NH2), 3.08 (t, 2H, OCH2CH2CH2NH2), 2.72 (s, 9H, 
ArCH3), 2.12 (quintet, 2H, OCH2CH2CH2NH2), -2.76 (s, 2H, NH) ppm. 
 
Porphyrin initiator nickel complex (3.12) 
To a well-stirred solution of compound 3.11 (17.1 mg, 0.023 mmol) in 1 ml of dry 
CH2Cl2 was added Ni(CN-t-pentyl)4(ClO)4 (15.1 mg, 0.026 mmol ) in dry CH2Cl2 and 
the reaction mixture was stirred for 15 min, after which the solvent was evaporated, 
resulting in a purple solid (31 mg, 100%). 
1H NMR (CDCl3, 300.13 MHz) δ 8.85-8.75 (m, 8H, β-pyrroleH), 8.15-8.07 (m, 2H, 
ArHO and 6H, ArHCH3), 7.55 (d, 6H, ArHCH3, 
3J = 7.4 Hz), 7.28 (d, 2H, ArHO, 3J = 
8.22 Hz), 4.52 (m, 2H, OCH2CH2CH2NH), 2.70 (s, 9H, ArCH3), 2.53 (m, 2H, 
OCH2CH2CH2NH), 1.90-1.87 (m, 2H, OCH2CH2CH2NH), 1.79-1.75 (quartet, 6H, 
NC(CH3)2CH2CH3), 1.53 + 1.51 (2s, 24H, NC(CH3)2CH2CH3), 1.04 (t, 12H, 
NC(CH3)2CH2CH3), -2.76 (s, 2H, NH) ppm.
 13C NMR (CDCl3, 75 MHz) δ 8.7, 21.7, 
27.6, 34.9, 112.6, 119.9 (Ni-C=N), 127.2, 130.9, 134.3, 135.5, 137.1, 139, 178 (N-
C-N) ppm. 
UV-Vis (CH2Cl2) λ 419, 517, 552, 593, 648 nm.  
IR (KBr pellet) ν(NH) 3321 cm
-1, ν(C=N) 2247, 2225 cm
-1, ν(CNC) 1583 cm
-1, ν(ClO4) 1102, 
619 cm-1. 
 
Porphyrin containing polyisocyanide 3.13 
To a well-stirred solution of L-isocyanoalanyl-L-alanine methyl ester (33 mg, 0.18 
mmol) in dry CH2Cl2 was added a solution of initiator complex 3.12 (8.3 mg, 0.006 
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mmol) and the mixture was stirred for 30 min. Subsequently the reaction mixture was 
evaporated to dryness. The crude product was purified by precipitation in MeOH/water 
(3/1, v/v), yielding a purple solid (30 mg, 70%). 
1H NMR (CDCl3, 300.13 MHz) δ 9.5-8.5 (br, 1H, NH (alanine)), 8.85 (s, 8H, β-
pyrroleH), 8.10 (m, 2H, ArHO and 6H, ArHCH3), 7.57 (d, 6H, ArHCH3), 7.28 
(ArHO), 5.0-4.0 (br, 2H, CH (alanine)), 3.60 (s, 3H, OCH3 (alanine)), 2.70 (s, 
ArCH3), 1.34 (m, 6H, CH3 (alanine)), -2.77 (s, 2H, NH) ppm. 
IR (solid) ν(NH) 3275 cm
-1, ν(C=O ester) 1746 cm
-1, ν(amide I) 1655 cm
-1, ν(amide II)1525 cm
-1. 
 
3.8.3    Typical ATRP procedure for the polymerization of styrene 
A Schlenk tube was charged with one of the porphyrin initiators (3.2, 3.3a, b or c or 
3.5) and CuBr. After 3 times vacuum and nitrogen refilling, the Schlenk tube was capped 
with a septum and styrene and anisole were added with a syringe. The resulting mixture 
was purged with nitrogen for 5 min. and placed in an ice-bath, after which PMDETA was 
added as the ligand. Next, the tube was placed in an oil bath with a temperature of 90 °C 
and the reaction mixture was sampled periodically to determine the ratio styrene/anisole 
with gas chromatography. After polymerization the reaction mixture was dissolved in 
toluene and purified over a short size exclusion column (Bio-beads S-X1) with toluene as 
the eluent to remove traces of copper and unreacted monomer from the polymer batch. 
 
3.8.4    Typical ATRP procedure for the polymerization of methyl 
methacrylate  
A Schlenk tube was charged with the porphyrin initiator and CuBr. After 3 times 
vacuum-nitrogen refilling, the Schlenk tube was capped with a septum and 500 μl of a 
1/1 (v/v) mixture of toluene/methyl methacrylate was added with a syringe. The 
resulting mixture was purged with argon for 5 min. and placed in an ice-bath, after 
which N-(n-propyl)-2-pyridylmethanimine dissolved in a small amount of toluene was 
added as the ligand. Next, the tube was placed in an oil bath with a temperature of 85 °C 
and the reaction mixture was sampled periodically to determine the ratio 
methylmethacrylate/toluene with gas chromatography. After polymerization the 
reaction mixture was dissolved in toluene and purified over a short size exclusion column 
(Bio-beads S-X1) with toluene as the eluent to remove traces of copper and unreacted 
monomer from the polymer batch. 
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3.8.5    Electron microscopy studies 
To a solution of the polyisocyanide compound in chloroform (10 mg/ml) methanol was 
added to induce aggregation. Samples for electron microscopy were prepared by placing 
a drop of the solution on a carbon-coated grid placed on filter paper, thereby directly 
removing the excess solvent. The grids were analyzed by TEM and SEM. TEM images 
were obtained with a JEOL JEM-1010 microscope (60 kV) equipped with a CCD 
camera. SEM images were recorded with a JEOL JSM-6330F microscope. 
 
3.8.6    Atomic Force Microscopy 
Imaging was carried out on a nanoscope III from Digital Instruments operating in the 
tapping mode at room temperature. Samples were prepared by spin-coating (1800 rpm) 
a 1 mg/L polymer solution in chloroform on freshly cleaved mica. 
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4.1     Introduction 
The self-assembly of amphiphilic molecules is a versatile method to construct complex 
soft materials. The wide range of aggregate-morphologies that is observed for small 
molecular amphiphiles encompasses micelles, rods, planar bilayers, inverted micelles, 
bicontinuous structures and vesicles.1 The systems are dynamic and therefore sensitive to 
changes in the direct environment of the aggregates. 
Polymer based amphiphiles, e.g. block copolymers, also exhibit a wide range of 
interesting aggregation properties2, ranging from phase separation into structured 
domains in bulk material or on surfaces, to the formation of a large variety of 
morphologies in solution. Block copolymers are constructed from at least two polymer 
segments with different structural characteristics. In comparison with classic, small-
molecule surfactants, amphiphilic block copolymers tend to aggregate in solvents 
selective for one of the constituent blocks. The morphologies that are observed for these 
aggregated block copolymers upon dispersion are micelles3, bilayer structures4 and a 
variety of other architectures5,6 (Figure 4.1). The driving force for the self-assembly is 
generally considered to be microphase separation of the insoluble blocks. The aggregates 
formed from these polymer based amphiphiles are less dynamic compared to their low 
molecular weight counter parts due to a number of factors including the high molecular 
weight of the compounds, the low critical aggregation concentration (CAC) and the 
possible entanglement and low mobility of the polymer chains in the core of the 
aggregates. The stability and robustness in combination with the wide range of possible 
aggregate morphologies, make these polymer based amphiphiles interesting candidates 
for the development of functional nano-architectures. 
Amphiphilic block copolymers have been used for the preparation of polymersomes 
(macromolecular vesicles), revealing unique characteristics such as a high structural 
stability and rigidity of their membrane system, which contribute to their increased 
lifetime. The large diversity of available monomers and the ability to vary the ratio 
between the two blocks allow the adjustment of the properties of the resulting vesicles, 
for example, vesicle size, polarity, stability, toxicity, etc. Polymersomes have great 
potential in the development of e.g new drug delivery systems and nanoreactors. 7,8 
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Figure 4.1 Electron micrographs of various types of morphologies formed by aggregating block 
copolymers. (A) Micelles and (B) micellar rods from polystyrene-b-poly(acrylic acid),3 (C) vesicles 
from poly(ethylene oxide)-b-polyethylethylene,4 (D) lamellae from polystyrene-b-
poly(phenylquinoline),9 (E) branched wormlike micelles from poly(ethylene oxide)-b-polybutadiene,5 
and (F) left-hand helices from polystyrene-b-poly(L-isocyanoalanyl-L-alanine).5 (Figure reproduced 
from ref 7.) 
 
Eisenberg and coworkers have performed many studies on the aggregation behavior of 
mainly polystyrene based block copolymers.10 An illustrative example of the versatility of 
these block copolymers is the dependence of the aggregate morphology on the 
polydispersity of the constituent amphiphilic macromolecules. A series of polystyrene-
block-poly(acrylic acid) copolymers were prepared with the polydispersity index (PI) of 
the PAA ranging from 1.1-2.1. The samples were dissolved in a mixture of 
tetrahydrofuran (THF)/N,N-dimethyl formamide (DMF), and self-assembly was induced 
by the slow addition of water. At a low PAA-polydispersity index (PAA PI ~ 1.1), large 
polydisperse vesicles with a diameter D = 270 - 220 nm were observed (Figure 4.2A). 
The size of the vesicles decreased with increased PAA polydispersity (Figure 4.2B-D). 
For example at a PAA PI = 1.8, the average vesicle size was 80 - 20 nm. This observed 
trend is explained by a length segregation of the PAA chains (large chains segregate to the 
outer surface whereas smaller chains prefer the inner surface of the vesicle).11 
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Figure 4.2 Electron Micrographs of aggregates formed by the polystyrene-poly(acrylic acid) 
copolymers with four different polydispersity indexes in THF/DMF. The number at the top left 
corner refers to the polydispersity index of the PAA block. 
 
As part of our studies on supramolecular catalysts and materials it is of interest to 
investigate the use of polystyrene based amphiphiles, equipped with a catalytic group, as 
a new type of building block for the construction of catalytically active assemblies. In the 
first part of this Chapter the aggregation properties of a series of porphyrin-polystyrene 
hybrids are described. The copper-, platinum- and manganese-porphyrin functionalized 
polystyrenes that were used for these studies were prepared by ATRP as described in 
Chapter 3. The second part of this Chapter focuses on catalytic assemblies that contain  
manganese porphyrin-polystyrene as building blocks. 
 
4.2     Cu-porphyrin-polystyrene 
 
N
N
N
N
O
O
Cu
Br
n
Mn = 5786 g/mol
PDI = 1.39
4.1
 
 
The aggregation behavior of the porphyrin polystyrenes that were prepared by ATRP 
(see Chapter 3) was studied by electron microscopy. Initial experiments were performed 
with Cu-porphyrin polystyrene 4.1. Figure 4.3 A and B show the assemblies that are 
formed upon injection of a THF solution (0.3 mg/ml) of Cu-porphyrin polystyrene 4.1 
into water (THF/water = 1/10, v/v). The spherical structures that are visible seem to 
be solid, likely phase-separated, assemblies with a large size-distribution and a maximum 
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size of 400 nm. Different structures were observed when water was drop-wise added to 
a THF solution (0.3 mg/ml) of the Cu-porphyrin-polystyrene 4.1 (THF/water = 1/4, 
v/v). This resulted in large spherical solid structures (up to 1 μm), some of them 
containing one or more flattened surfaces (Figure 4.3 (C and D)). One possible 
explanation for these remarkable flat surfaces is that the spheres grow on the surface of 
the vial till they fall off due to their own weight and become part of the dispersion of 
polystyrene spheres. Via both ways of preparation the resulting structures seem to be 
solid, not very well-defined polystyrene particles. This was to be expected, since the Cu-
porphyrin polystyrene does not have a very hydrophilic segment. However, when the 
THF-solution containing the porphyrin polystyrene hybrid (0.3 mg/ml) was injected 
into water (THF/water: 1/10, v/v) while sonicating at 60˚C, a very different behavior 
was observed. The formed aggregates (Figure 4.4) were much more defined. Small and 
monodisperse spheres ranging in size from 20-35 nm (Figure 4.4A) were observed, often 
clustered together. The small size of these very uniform spheres points to the formation 
of micelles. Possibly, the application of ultrasound provides the energy that is necessary 
to improve the mobility of the polystyrene chains of the macromolecules to assemble 
into the more organised micellar structures instead of the larger ordinary phase separated 
particles. 
The above results show that the copper-porphyrin polystyrene displays changes in 
aggregation behavior depending on the sample preparation. Since it is unlikely that this 
particular porphyrin has very different solubility properties compared to the polystyrene 
tail, it is not expected to have a large influence on the aggregation behavior. 
Nevertheless, our experiments indicate that well defined spheres are formed, suggesting 
that the porphyrin takes part in the formation of the assemblies, since these structures 
were never observed for polystyrenes without the porphyrin functionality. More 
research would be necessary to investigate the precise role of the copper-porphyrin 
during the aggregation process. 
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Figure 4.3 Electron micrographs (A and C: TEM, B and D: SEM) of the assemblies formed by 
4.1 in THF/water mixtures. (A and B) Sample prepared by injection of a THF solution of 4.1 into 
water (THF/water: 1/10, v/v). (C and D) Sample prepared by the drop-wise addition of water to 
a THF solution of 4.1 (THF/water: 1/4, v/v). 
 
 
 
Figure 4.4 (A) Size distribution of the spheres shown in the electron micrographs 4.4B and 
4.4C. (B and C) Transmission electron micrographs of the aggregates that are formed upon injection 
of a THF solution of 4.1 in water while sonicating (THF/water: 1/10, v/v). 
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4.3     Pt-porphyrin-polystyrene 
Recent studies have shown that Pt(II)-porphyrins can act as photo sensitizers capable of 
converting and storing solar-energy12, as potential molecular conductors13 and as 
sensitizers, e.g. for the cis to trans isomerization of stilbene14. Pt(II)-porphyrins display 
intense phosphorescence that has allowed their use as oxygen sensing probes15. The 
strong phosphorescence properties of the Pt-porphyrin can be a useful tool in the 
determination of the position of the porphyrin in the aggregates. As described in Chapter 
3 of this thesis Pt(II)-porphyrin polystyrene 4.2 (Figure 4.5) was prepared by ATRP. 
 
 
 
Figure 4.5 Pt-porphyrin polystyrene 4.2 with (A) UV-Vis spectrum in THF and (B) 
phosphorescence emission spectrum in THF upon excitation at λ = 404 nm. 
 
Figure 4.5A shows the UV-Vis spectrum of the Pt-porphyrin polystyrene in THF with 
the porphyrin Soret band at λ = 404 nm and two Q-bands at λ = 510 and λ = 540 nm. 
Figure 4.5B depicts the phosphorescence emission spectrum on excitation at the Soret 
band of the porphyrin (λ = 404 nm). In THF the Pt-porphyrin polystyrene is well 
dissolved. Initially, the dispersions of the Pt-porphyrin polystyrene in THF/water 
mixtures were prepared via two different methods. The first preparation method was via 
injection of the THF solution containing the porphyrin polystyrene (0.3 mg/ml) into 
water at room temperature (THF/water: 1/10, v/v). The second preparation method 
involved the slow addition of water to the THF solution (0.3 mg/ml) containing the 
porphyrin polystyrene hybrid (THF/water: 1/10, v/v). Samples of the resulting 
aggregate solution were deposited on carbon coated grids. The aggregate structures were 
studied by transmission electron microscopy (TEM) and the phosphorescence emission 
spectra of the aggregate solutions were measured. Figure 4.6 (A and B) shows the 
structures that were observed by TEM via the first preparation method. Spherical 
particles are visible, 30-100 nm in size, many of them connected into strings of spheres. 
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Mainly very large and solid spheres were formed (100-700 nm) and a lower amount of 
smaller structures, assembled together into network-like material (Figure 4.6 (C and D). 
The structures obtained via the second method were very different from the ones 
obtained by the first preparation method, demonstrating again the large influence of the 
method of preparation on aggregate formation. 
 
 
 
 
Figure 4.6 Transmission electron micrographs of the aggregates formed by platinum-porphyrin 
polystyrene 4.2 in THF/water (1/10, v/v) mixtures via two different methods. (A and B) Method 
1: samples prepared by the injection of a THF solution of 4.2 into water. (C and D) Method 2: 
samples prepared by the slow addition of water to a THF solution of 4.2. 
 
The phosphorescence emission spectra of the two aggregate dispersions under an argon 
atmosphere were measured after excitation at the Soret band of the porphyrin, and both 
spectra did not show any differences compared to the spectrum of the molecularly 
dissolved Pt-porphyrin polystyrene in THF (Figure 4.5B). The samples were saturated 
with argon before the phosphorescence was measured, since oxygen is known to quench 
the platinum porphyrin emission. The quenching of the phosphorescence emission by 
oxygen from the air was measured as a function of time for 4.2 in THF as well as for the 
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two aggregate solutions in water/THF. Figure 4.7 shows the phosphorescence emission 
at 657 nm (maximum of the band) as a function of time. It can be seen that for the 
molecularly dissolved Pt-porphyrin polystyrene the quenching is very fast until the 
emission is completely quenched. For both aggregate solutions the quenching turns out 
to be much slower and levels off long before the emission is completely quenched. If the 
remaining phosphorescence emission can be explained by the limited diffusion of oxygen 
to the Pt-porphyrins at the centre of the aggregate, this can be an indication for the 
position of the Pt-porphyrin inside the assemblies. Although the aggregates were very 
different in appearance, the quenching results for the two different aggregate solutions 
were the same, tentatively suggesting the same distribution of porphyrin throughout the 
polystyrene assemblies. 
 
 
Figure 4.7 Phosphorescence emission of Pt(II)-porphyrin polystyrene 4.2 at 657 nm open to the 
air as a function of time. ( ) 4.2 dissolved in THF, (c) sample prepared by injection of a THF 
solution of 4.2 into water, (¡) sample prepared by the slow addition of water to a THF solution of 
4.2. 
 
In the case of Cu-porphyrin polystyrene 4.1, the most interesting aggregate architectures 
were obtained by the injection of a THF solution (0.3 mg/ml) containing the compound 
into water at 60˚C while sonicating. This preparation method was also applied for the Pt-
porphyrin polystyrene. Figure 4.8A shows the aggregates that were formed via exactly 
the same procedure. These structures had a large size distribution and looked like 
undefined polystyrene spheres. Longer sonication periods resulted in more malformed 
aggregates (Figure 4.8B). The different behavior of the Pt-porphyrin polystyrene 
compared to the Cu-porphyrin polystyrene may result from the different metal inside the 
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porphyrin core, possibly having different interactions with the environment. 
Furthermore, the small difference in molecular weight and dispersity of the polymer 
batch can also play a role. 
 
 
 
 
Figure 4.8 Transmission electron micrographs of the assemblies formed by Pt-porphyrin 
polystyrene 4.2 in THF/water mixtures (1/10, v/v) prepared by sonication of the sample. (A) 10 
min sonication after injection. (B) 30 min sonication after injection. 
 
 
4.4     Mn-porphyrin-polystyrene 
4.4.1    Aggregation 
Due to the presence of the Mn(III) center inside the porphyrin core, the head group of 
the Mn-porphyrin polystyrene is charged, resulting in a polystyrene porphyrin hybrid 
that has a more pronounced amphiphilic character than the hybrids containing copper 
(4.1) or platinum (4.2). Mn-porphyrin polystyrene 4.3 (Figure 4.9A) was prepared by 
ATRP as described in Chapter 3. The polymer batch was fractionated in different 
samples by SEC (Biobeads Sx1) in toluene, (fractions f1 - f5) with Mn’s ranging from 
1495 to 9973 and polydispersities ranging from 1.09 to 1.27 (Figure 4.9B). With three 
of these fractions (f1, f3 and f5), aggregation studies were carried out. 
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Figure 4.9 (A) Mn-porphyrin polystyrene 4.3 before fractionation. Mn and PDI are determined 
by GPC. (B) GPC-traces (483 nm) of Mn-porphyrin polystyrene fractions collected after size 
exclusion chromatography.  
GPC data: fraction 1 (f1): Mn = 9973 g/mol, PDI = 1.24; fraction 2 (f2): Mn = 7064 g/mol, 
PDI = 1.27; fraction 3 (f3): Mn = 3598 g/mol, PDI = 1.09; fraction 4 (f4): Mn = 2259 
g/mol, PDI = 1.09; fraction 5 (f5): Mn = 1495 g/mol, PDI = 1.11. 
 
The polymer was dissolved in THF (3 mg/ml) and water was drop-wise added until the 
ratio 1/2 (THF/water, v/v) was reached. The resulting aggregate solution was cloudy. 
Samples were prepared on carbon coated grids and analyzed by electron microscopy. 
This procedure was performed for all three polymer fractions. TEM studies showed the 
formation of mainly small spherical aggregates for f1 (Figure 4.10A). A small part of the 
amphiphilic molecules assembled into bowl-shaped structures that were much larger in 
size (Figure 4.10B). The SEM studies that were carried out (Figure 4.10C) agreed with 
the studies performed with TEM. Figure 4.11 shows the electron micographs of the 
aggregate structures that are formed by f5, the Mn(III)-porphyrin polystyrene with the 
shortest apolar tail. Exclusively large spherical architectures 0.5 to 2 μm in size are 
observed. SEM studies revealed that the structures were porous (Figure 4.11C and D), 
suggesting the spheres are hollow. In the case of f1, the length of the polystyrene tail is 
roughly ten times the diameter of the porphyrin head. For f5 the average length of the 
apolar tail, however, is much smaller, comparable to the porphyrin diameter (estimated 
from molecular models). The difference in the head to tail ratio results in a different 
aggregation behavior. 
  
Chapter 4 
 
100 
 
 
 
Figure 4.10 (A and B) Transmission electron micrographs and (C) scanning electron micrograph 
of the aggregates formed by fraction f1 of the Mn-porphyrin polystyrene sample in THF/water 
(1/2, v/v). 
 
 
 
 
Figure 4.11 (A) Transmission electron micrograph and (B, C and D) scanning electron 
micrographs of the aggregates formed by fraction f5 of the Mn-porphyrin polystyrene sample in 
THF/water (1/2, v/v). 
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Figure 4.12 shows the architectures that are formed by Mn(III)-porphyrin polystyrene 
fraction f3. Remarkably, two different structures seem to coexist in this sample, viz. 
small spherical aggregates (Figure 4.12A) similar as for f1 and large spherical structures 
(Figure 4.12B) as seen for f5. The length of the apolar polystyrene tail is in between the 
length of the tails of f1 and f5, apparently resulting in a head to tail ratio that does not 
lead to a strong preference for one kind of aggregation behavior but favours both 
architectures. 
The aggregate solutions proved to be stable over time for all three fractions for at least 
one month, as was concluded from TEM and SEM studies on the aging dispersions. 
 
 
 
Figure 4.12 Transmission electron micrographs of the aggregates formed by fraction f3 of the 
Mn-porphyrin polystyrene sample in THF/water (1/2, v/v); Two different aggregate structures 
coexist: (A) small spherical aggregates and (B) large spherical structures. 
 
4.4.2    Effect of a magnetic field on the aggregation behavior of manganese 
porphyrin polystyrene 
Since manganese porphyrins are paramagnetic, they show a strong tendency to align in an 
applied magnetic field. In spherical molecular assemblies composed of porphyrins the 
molecules will point in all directions, and therefore the overall magnetic susceptibility 
will be isotropic, and no magnetic alignment of the sphere as a whole is expected but 
deformation of the molecular assembly is possible. In fact, it is already reported in the 
literature that due to the magnetic field alignment of the material inside a nanocapsule, 
the spherical assembly can transform into an oblate spheroid.16 The change of the 
morphology of such a molecular assembly by a magnetic field is a sophisticated and clean 
way of control on the molecular scale.17 
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The effect of a magnetic field on the morphology of the aggregates formed by f5 in 
THF/water (1/2, v/v) was investigated in a temperature range from 20˚C - 55˚C. The 
sample was placed in a cuvet and polarized absorption measurements of the aggregate-
dispersion were performed, while increasing the magnetic field strength from 0 - 20 T. 
The experiments were performed at 20˚C, 30˚C, 40˚C, 50˚C and 55˚C. No changes in 
the absorbance were observed, suggesting that no change in the orientation of the 
manganese porphyrin head-groups towards the magnetic field had occurred. Finally, at a 
magnetic field strength of 20T, the sample was cooled down from 55˚C to 20˚C in order 
to freeze-in the morphology of the aggregates. The samples were studied by TEM before 
and after the measurements. Spherical aggregates of the type shown in Figure 4.11, 
having sizes in the range of 0.5 to 2 μm in size, were observed in both cases. This 
experiment shows that in a temperature range of 20˚C - 55˚C deformation of the 
aggregates by a magnetic field of 20T is not possible, probably because the porphyrins are 
not assembled into columnar stacks that are sufficiently large enough to be aligned, or 
because the mobility of the porphyrins is too low due to the rigid porphyrin-polystyrene 
structure. 
 
4.5     Catalytic porphyrin-polystyrene assemblies 
In nature, chemical conversions are usually performed in such a way that the product of 
one reaction is the substrate or catalyst of the subsequent reaction. This coupling in time 
and space increases the efficiency of a sequence of reactions. Nature promotes this 
coupling by using well-defined reaction environments, ranging from relatively simple 
nanometer-sized systems such as enzymes to micrometer-sized and extremely complex 
assemblies such as cells. For scientists the natural cell is an important source of 
inspiration. A wide range of reactor systems has been constructed over the years 
including relatively small molecular capsules, boxes, micellar and vesicular systems, but 
also larger ones like unimolecular polymer nanoreactors, polymer micelles and polymer 
based vesicles.7 Polymersomes (block copolymer based vesicles)10,18 are currently 
receiving attention as nano-reaction vessels. These architectures possess many positive 
characteristics like robustness and stability, but their permeability is reduced because 
their membranes are thicker and have less fluidic character as compared to liposomes. 10 
In order to develop efficient catalytically active polymersomes, many studies are still 
required to find solutions for the unfavourable features mentioned above.  In this section 
studies towards the development of catalytically active polystyrene based assemblies are 
described. 
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4.5.1    Catalysis with tritolyl-porphyrin polystyrene (4.3). 
Manganese-tritolylporphyrin polystyrene 4.3 was studied as the component of a 
catalytically active assembly. First, its catalytic activity was tested in a two-phase system 
(water/dichloromethane) and,  subsequently, in dispersed form in aqueous environment, 
in both cases with hypochlorite as the oxygen donor. Finally, the dispersed catalyst was 
tested with the water soluble oxone as the oxygen donor in an aqueous environment 
with two different substrates: cis-stilbene (emulsified) and the water soluble 
carbamazepine. 
 
Hypochlorite as oxygen donor 
The epoxidation of cis-stilbene by manganese porphyrin 4.3 (f3: Mn = 3598, PDI = 1.09) 
(Figure 4.13) was first studied in a two-phase system (water/dichloromethane) using 
standard conditions frequently used in our group to test the catalytic activity. In this 
system the catalyst is molecularly dissolved in the organic phase, with the single oxygen 
donor sodium hypochlorite being present in the water layer. Pyridine was used as the 
axial ligand for the manganese porphyrin catalyst. The manganese catalyst, cis-stilbene, 
pyridine, tetrabutyl-ammonium-chloride (phase transfer agent) and 1,3,5-
tri(tertbutyl)benzene as an internal standard were added to the reaction vial and dissolved 
in dichloromethane. To this solution was added the hypochlorite-water mixture to start 
the reaction. The reaction was followed by taking aliquots from the mixture and 
measuring the progress of the reaction with gas chromatography. The decrease of the 
substrate concentration was followed as well as the increase of the products in time. The 
conversion of cis-stilbene versus reaction time is plotted in Figure 4.14. The reaction 
proved to be extremely fast in comparison with results obtained with standard reference 
catalysts studied under the same conditions19 and it showed first order kinetics under the 
conditions used, with a reaction constant k1 = 3.2×10
-3 s-1. Almost exclusively cis-
epoxide was formed during the reaction, the ratio of cis-/trans-epoxide at the end of the 
reaction being 95 to 5 %. It is likely that the rotation around the central C-C bond in the 
transition state of the reaction in order to obtain the trans-product is hindered due to the 
steric hindrance caused by the bulky polystyrene tails. 
These results encouraged us to perform an experiment in which all the conditions were 
kept the same except that dichloromethane was excluded to test if the manganese 
porphyrin polystyrene catalyst would be still active in aggregated form. Therefore, 
instead of dissolving the catalyst in dichloromethane, it was dispersed in water after 
which the hypochlorite solution was added to the mixture. The mixture was vigorously 
stirred to efficiently mix the substrate, catalyst and hypochorite, resulting in an emulsion 
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of small droplets of the catalyst, pyridine and substrate in water. The reaction mixture 
showed its characteristic colour change to brown indicating the formation of an activated 
manganese complex, but unfortunately no conversion of the substrate was observed 
(Figure 4.14). The reaction mixture bleached over time to yellow, pointing to the 
decomposition of the manganese catalyst. 
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Figure 4.13 The epoxidation of cis-stilbene catalyzed by manganese porphyrin-polystyrene 4.3. 
 
 
Figure 4.14 (A) Epoxidation of cis-stilbene (%) as a function of reaction time. Filled symbols: 
manganese porphyrin polystyrene 4.3 in the two-phase system (water/dichloromethane), pyridine, 
sodium hypochlorite and tetrabutyl-ammonium-chloride; open symbols: 4.3 dispersed in water (see 
text). (B) ln[M]/[M]0 versus reaction time for the epoxidation of cis-stilbene by manganese 
porphyrin polystyrene 4.3 in the two-phase system. 
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Oxone as oxygen donor 
Subsequently, the aggregates formed as described in section 4.4.1 by f5 of the manganese 
porphyrin polystyrene 4.3 were tested for catalytic activity. The aggregates were formed 
in a water/THF mixture with water being the main solvent. Therefore, the oxidant that 
was used for the activation of the porphyrin was water soluble KHSO5 (trademark 
oxone®) (Figure 4.15). As described in Chapter 2 of this thesis, it was first published by 
Meunier et al.20 that metal coordinated porphyrins were capable of the epoxidation of 
alkenes with potassium monoperoxysulfate (KHSO5).
21 KHSO5 is a single oxygen donor 
stable at pH < 6 and at pH 12. The KHSO5/Mn-porphyrin system has been shown to be 
an efficient biomimetic system for catalytic epoxidations with turnover rates for 
epoxidation reactions higher than for the cytochrome P-450 itself. It has been used in 
biphasic systems, i.e. buffered water/dichloromethane, as well as in combination with 
water-soluble manganese porphyrins in aqueous environments. Water-soluble 
manganese porphyrins are known to have water molecules as axial ligands.22 The 
mechanism for the epoxidation of alkenes by KHSO5 in aqueous environment is depicted 
in Figure 2.6 in Chapter 2 of this thesis.23  
The substrate used was cis-stilbene, which was mixed with the water/THF aggregate 
solution by stirring to form an emulsion. After addition of the oxidant the reaction 
medium turned from green to brown, indicating the formation of an activated porphyrin 
catalyst. However, no conversion of the substrate could be observed (not shown). It is 
believed that the substrate could not reach the catalytic active centre, since the cis-
stilbene formed an emulsion in the water/THF mixture and was not dissolved. 
Subsequently, catalytic activity was tested with the water soluble substrate 
carbamazepine (CBZ) (Figure 4.15). Conditions were kept the same as described above 
with oxone as the oxygen donor. The reaction mixture showed the characteristic colour 
change upon the addition of the oxidant from green to brownish. Conversion of the 
substrate was followed by taking small aliquots from the reaction mixture and measuring 
these samples with HPLC. A small amount (5%) of CBZ was converted to its epoxide in 
ten minutes reaction time (not shown). This poor result can be attributed to the compact 
apolar structure of the porphyrin-polystyrene based aggregates which makes it difficult 
for the polar water soluble substrate to reach the active manganese centre. 
 
4.5.2    Catalysis with pyridine-porphyrin polystyrenes (4.4 and 4.5). 
Manganese porphyrin polystyrenes 4.4 and 4.5 (Figure 4.15) were prepared via end-
group modification as described in Chapter 2 of this thesis. The catalytic activities of 
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porphyrin polystyrene 4.4 and 4.5 were studied in an aqueous environment under similar 
conditions as used for the manganese porphyrin C16 tail catalysts described in Chapter 2. 
The oxidant used for the activation of the porphyrin was KHSO5 (see above and Figure 
4.15). The reaction medium was an aqueous phosphate buffer of pH 5 and the substrate 
used was carbamazepine (CBZ) (Figure 4.15). The epoxidation of CBZ (Scheme 2.2) was 
followed by taking small aliquots from the reaction mixture and analyzing these samples 
with HPLC. Tetrakis(4-methyl)tetrapyridine manganese porphyrin 4.7 was used as a 
reference catalyst.  
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Figure 4.15 The epoxidation of carbamazepine by manganese porphyrin catalysts. 
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Figure 4.16 Plot of the conversion of carbamazepine as a function of time. (U) manganese 
porphyrin 4.6. () polystyrene manganese porphyrin 4.4, () polystyrene manganese porphyrin 
4.5. 
 
Figure 4.16 shows typical plots of the conversion of substrate as a function of time. The 
reference catalyst 4.5 displays the most efficient catalysis with almost 100 % conversion 
in 5 min reaction time. Manganese porphyrin polystyrene 4.4 shows a slightly lower 
initial reaction rate and a fast decrease of the activity in time, resulting in a maximum 
conversion of only 32 %. The epoxidation catalyzed by manganese porphyrin polystyrene 
4.5 is even slower in comparison with 4.4. The total conversion of CBZ in ten minutes is 
only 8%. It is expected that in the case of the polymer anchored catalysts the rate 
limiting step in the conversion is the substrate diffusion to the catalytic manganese 
centres. In the absence of substrate, due to slow substrate diffusion, decomposition of 
the porphyrin catalyst can take place, observed as a colour change of the reaction mixture 
towards yellow. The difference in catalytic activity between 4.4 and 4.5 is probably 
caused by the structural difference in the porphyrin head-groups. In the case of catalyst 
4.5 the porphyrin head-group is only weakly charged (Mn(III) center), whereas the head-
group of compound 4.4 has three positively charged methylated pyridine groups which 
makes this porphyrin compound more water soluble. It is plausible that the highly 
charged manganese porphyrin head-groups of catalyst 4.4 will be positioned more at the 
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interface of the aggregate with the aqueous environment than the head-group of catalyst 
4.5. This will facilitate the approach by the water soluble substrate CBZ to the catalytic 
manganese centre, hence resulting in a faster conversion of the substrate. In addition, the 
pyridine substituents on the porphyrin of 4.5 will be more prone to self-oxidation by the 
catalyst than the methylated pyridine substituents of 4.4. 
To overcome the substrate diffusion problems described in the former part of this 
section, it was tried to make use of the advantages of a known polymer-based aggregate 
system. The porphyrin polystyrene compound was added, therefore, to polymersomes 
prepared from polyisocyanide-alanine-alanine-thiophene block copolymers. This well 
studied system is stable in THF/water mixtures and its bilayer wall, although thick, 
allows diffusion of substrate molecules. Chapter 2 describes the aggregate formation by a 
mixture of manganese porphyrin polystyrene 4.5 and polyisocyanide-alanine-alanine-
thiophene block copolymers. The large mixed polymersomes that are formed were 
tested for catalytic activity under the same conditions as described above with 
carbamazepine as the substrate and oxone as the oxygen donor. The reaction mixture 
showed the characteristic colour change upon the addition of the oxidant from green to 
brownish as an indication for the formation of an activated porphyrin complex. 
However, no conversion of the substrate CBZ was observed (data not shown). 
 
In the first part of this chapter it was already demonstrated how strongly aggregate 
formation of polymer functionalized porphyrins is influenced by other factors, e.g. the 
metal-center of the porphyrin ring, the polymer tail length and the polydispersity of the 
sample. Furthermore, differences in the local environment had a large effect on the 
resulting architectures, which was demonstrated by the large varieties in morphology 
that were observed when the sample preparation method was changed. Therefore, many 
variable factors apparently influence the resulting assemblies. The structures that are 
formed are generally rigid and therefore difficult to access for substrate molecules during 
catalysis. The unpredictable behavior of the porphyrin polystyrenes in combination with 
the rigid nature of the system prevents the development of an efficient catalytic system. 
Additional studies, therefore, need to be carried out in order to find the right conditions 
for the successful catalytic operation of the polystyrene based aggregates. 
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4.6     Conclusions 
The aggregation behavior of the copper-, platinum- and manganese-tritolylporphyrin 
polystyrenes that were prepared by ATRP as described in Chapter 3 of this thesis, was 
studied. Transmission Electron Microscopy (TEM) studies showed that the copper-
porphyrin polystyrene hybrids formed large solid, phase-separated spheres upon 
injection of a THF solution of the hybrid into water. Aggregate dispersions prepared by 
the slow addition of water to the THF solution of the hybrid macromolecules yielded 
large spherical solid structures (up to 1 μm), many of them containing one or more 
flattened surfaces. When sonication was applied during the injection of the polymer-THF 
solution into water, small monodispersed spheres (20-35 nm) were formed exclusively. 
These studies demonstrate the large influence of the preparation method on the 
aggregate architectures formed by the porphyrin polystyrene. More insight in the 
aggregate structure was obtained by studying the phosphorescence quenching by 
molecular oxygen of the aggregates formed by the platinum-porphyrin polystyrene 
compound. It was shown that the quenching was the same for both above mentioned 
sample preparation methods, suggesting that the porphyrin was equally distributed 
throughout the polystyrene aggregates in both cases. The aggregates formed by the 
platinum-porphyrin polystyrene hybrids showed major differences from the ones 
generated by the copper-porphyrin polystyrene, indicating that the metal center inside 
the porphyrin core has a large influence on the selfassembly properties. More studies 
need to be performed to investigate the origin of the observed morphology changes. 
Manganese(III)-tritolylporphyrin polystyrenes have amphiphilic character due to the 
presence of a charged manganese porphyrin head-group. By fractionation, a series of 
manganese porphyrin polystyrene samples with varying head/tail ratios was obtained. 
Aggregation studies on these samples showed that the morphology of the architectures 
formed in water was controlled by the polystyrene tail length. The fraction with the 
longest tail formed small spherical aggregates and the fraction with the shortest 
polystyrene tail large spherical architectures 0.5 to 2 μm in size.  
A series of catalytic studies were performed with the manganese-polystyrene assemblies. 
In a two-phase system (CH2Cl2/water) manganese-tritolylporphyrin polystyrene showed 
fast and successful catalysis in the epoxidation of cis-stilbene with hypochlorite as oxygen 
donor. Catalytic experiments with this catalyst in an aqueous environment under varying 
conditions revealed in every case successful activation of the porphyrin catalyst (indicated 
by a color change) but no conversion of the substrate, except for the combination oxone 
(oxygen donor) and carbamazepine (substrate). In this case, a small amount (5%) of the 
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substrate was successfully converted into its epoxide. The low epoxidation yields can be 
attributed to the poor accessibility of the manganese centre by the substrate. 
Catalytic experiments with manganese-pyridine porphyrin- and trimethylpyridine 
porphyrin-polystyrenes in aqueous environment were also carried out. Oxone was used 
as the oxygen donor and carbamazepine as the substrate. The pyridine porphyrin-
polystyrene showed a maximum conversion of 8%, which is still very low in comparison 
with the reference catalyst which showed a conversion of 100%. The methylated 
pyridinporphyrin-polystyrene, on the other hand, showed a conversion of 32 %. It is 
postulated that the methylated, and therefore charged, catalytic porphyrin head-group is 
positioned more at the outer surface of the polystyrene aggregates and therefore easier to 
access by the water soluble substrate. 
More catalytic and aggregation studies need to be performed in order to obtain more 
insight into the structure of the catalytic assemblies and to find the right conditions for an 
efficient epoxidation reaction. 
One possibility would be the preparation of triblock copolymers in which the porphyrin 
catalyst is separated from the polystyrene tail by a polyethylene glycol spacer. This will 
make the catalytic center more accessible for the substrate. 
 
4.7     Experimental section 
4.7.1    General methods and materials 
CHCl3 and CH2Cl2 were distilled over CaCl2, methanol over CaH2 and toluene over 
sodium. All other chemicals were used as commercially obtained unless stated otherwise. 
UV/Vis spectra were measured on a Varian Cary 50 spectrophotometer. 1H NMR 
spectra were recorded on Bruker WM-200 and Bruker AC-300 instruments, 13C NMR 
spectra on a Bruker AC-300 spectrometer. GPC measurements were performed with a 
Shimadzu GPC with Shimadzu refractive index and UV-Vis detectors using THF or 
CHCl3 as mobile phases. MALDI-TOF measurements were performed with a Kratos 
Kompact MALDI 4 instrument. Fluorescence measurements were performed on a 
Perkin Elmer LS 50B spectrometer. 
 
4.7.2    Syntheses 
All tritolylporphyrin polystyrene compounds were prepared by ATRP as described in 
Chapter 3 of this thesis.  Mn-pyridineporphyrin polystyrenes 4.4 and 4.5 were prepared 
as described in Chapter 2 of this thesis. 
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4.7.3    Electron microscopy studies 
Preparation of the Cu-porphyrin and Pt-porphyrin polystyrene samples for TEM and 
SEM studies via the injection method was performed by injecting 100 μl of a THF 
solution (0.3 mg/ml) of the compound into 1 ml of milliQ water at room temperature. 
In order to homogenize the resulting solution, it was gently shaken by hand. In some 
experiments sonication of the solution at 60 °C while injecting the THF-solution was 
also applied. 
In the case of the Cu-porphyrin and Pt-porphyrin polystyrenes the method of slow 
addition was applied. To 100 μl of a THF solution (0.3 mg/ml) of the compound was 
slowly added ultra pure water, with the help of a peristaltic pump (1.3 ml.h-1); the 
resulting dispersion was slowly mechanically stirred. In some cases the water was slowly 
added to the THF solution in small amounts at intervals with the help of a syringe in 
order to have the opportunity to take samples of the dispersion at certain volume 
percentages of water. 
In the case of the Mn-porphyrin polystyrene, aggregates were prepared by slowly adding 
200 μl of water to 100 μl of a THF solution (3 mg/ml) of the compound. 
A drop of the obtained aggregate solutions was placed on a carbon coated copper grid 
and the remaining solvent was drained off after 2 min. TEM images were obtained with a 
JEOL JEM-1010 microscope (60 kV) equipped with a CCD camera. SEM images were 
recorded with a JEOL JSM-6330F microscope. 
 
4.7.4    Catalysis 
Catalytic reactions in a two-phase system were carried out as follows: 
The porphyrin catalyst (5.63 mg, 0.0016 mmol in 400 μl CH2Cl2), the internal standard 
1,3,5-tri(tertbutyl)benzene (10 mg), the substrate cis-stilbene (70 μl, 0.39 mmol, 245-
fold excess with respect to the porphyrin catalyst), 125 μl  of a solution of the phase 
transfer agent tetrabutyl-ammonium-chloride in dichloromethane (7.2 mg/ml) and 65 μl 
pyridine (500 eq.) in 60 μl dichloromethane were added to a Schlenk tube. To start the 
reaction a freshly prepared hypochlorite-water mixture (NaOCl (30%)/water, 1/2, 
v/v) was added and the reaction mixture was vigorously stirred at room temperature 
under an argon atmosphere. The progress of the reaction was followed by taking small 
aliquots from the mixture (1 μl) and analyzing these samples dissolved in 500 μl CH2Cl2 
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via gas chromatography on a Varian 3800 GC instrument with a flame ionization detector 
using a Supelco fused silica capillary column (15 m length, 35 μm diameter and df 1.0 
μm). 
 
Catalytic reactions in an aqueous environment were carried out according to the 
following standard procedure: the reaction mixture (1 ml) contained 66 mM phosphate 
buffer (pH 5), 450 μM carbamazepine (introduced as a 4.5 mM solution in methanol), 4 
μM KHSO5, and 10 μM metalloporpyrin. 
The oxidant was added as a solid and the catalyst was added from a stock-solution at the 
last moment to start the reaction. The reaction was performed at 22 ˚C and the stirring 
rate was 800 rpm. 
HPLC analyses of diluted aliquots were performed on an instrument equipped with a UV 
detector. Carbamazepine and its epoxide could be separated on a C18 column (10 μm, 
eluent: a mixture of methanol/water, 6/4 (v/v)). Detection was at 215 nm. 
Benzophenone was used as a standard. 
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5.1     Introduction 
Phthalocyanines are flat 18π -electron aromatic macrocycles (Figure 5.1A). The centre 
of the phthalocyanine ring can accept a large variety of metal ions, allowing the fine-
tuning of the electronic and optical properties of the molecules. 
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Figure 5.1 The structural resemblance between a phthalocyanine (A) and a porphyrin (B). 
 
Due to their large flat aromatic surface, phthalocyanines can self-assemble, driven by π-π 
interactions, in a face-to-face fashion to yield long molecular stacks. The strong tendency 
to self-assemble in combination with their wide applicability in electronic and optical 
materials makes phthalocyanines interesting candidates as building blocks for functional 
supramolecular architectures. 
Through the years phthalocyanines have been functionalized with a large diversity of 
chemical groups, resulting in materials with a variety of interesting properties and self-
assembled morphologies. For example, phthalocyanines with alkyl tails or long lipophilic 
tails connected to the periphery of the ring form an important class of liquid crystalline 
materials.1 Illustrative for phthalocyanines as supramolecular building blocks is the 
development of crown ether functionalized phthalocyanines, which have been shown to 
organize themselves into long fibres with tunable helicity by Nolte et al.2 
Torres et al. have performed extensive studies on substituted phthalocyanines for the 
development of nonlinear optical systems.3 Katz et al. developed metallo-
octaazaphthalocyanines that form chiral superstructures resulting in a strong second 
order nonlinear optical response by the deposited Langmuir-Blodgett films on glass.4 
Kimura et al. synthesized amphiphilic metallophthalocyanines containing eight peripheral 
diol units that spontaneously formed fibrous assemblies in water containing a two-
dimensional hexagonal lattice of phthalocyanine stacks.5 The same research group also 
developed dendritic polyether-amide metallophthalocyanines.6 Very recently, Kimura et 
al. reported the formation of polyacrylate based amphiphilic phthalocyanines that self-
assemble in methanol into fibrous aggregates (Figure 5.2).7 
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In Chapter 3 of this thesis the successful polymerization of styrene and methyl 
methacrylate from a series of porphyrin functionalized initiators using atom transfer 
radical polymerization (ATRP) has been described. In this Chapter studies in which the 
same principle is applied to phthalocyanines in stead of porphyrins are presented.8 
Phthalocyanines are structurally related to porphyrins (Figure 5.1) but the extended 
aromatic surface of the phthalocyanine is larger than that of porphyrines. The 
phthalocyanine polymer hybrids that will result from this approach are expected to show 
interesting aggregation properties. 
 
 
Figure 5.2 (A) Zn-phthalocyanine polyacrylate prepared by Kimura et al. (B) Atom force 
micrograph of the phthalocyanine polyacrylate (shown in A) in methanol. (C) Transmission Electron 
micrograph of the gel formed by the phthalocyanine polyacrylate (shown in A) in methanol.7 
 
 
5.2     Results and discussion 
5.2.1    Cu-phthalocyanine-polystyrene: synthesis and aggre-gation 
A free-base phthalocyanine functionalized ATRP initiator was prepared as depicted in 
Scheme 5.1. Mono-hydroxy functionalized phthalocyanine 5.1 was equipped with the 
initiator-group by stirring the partly dissolved phthalocyanine in dry dichloromethane 
with a small excess of 2-bromoisobutyryl bromide in the presence of an equimolar 
amount of triethylamine. This resulted in free-base phthalocyanine initiator 5.2 in an 
estimated yield of 70% after purification by silica column chromatography; the 
compound was characterized by NMR, MALDI-TOF mass spectrometry and UV. 
 
 
Chapter 5 
 
118 
 
5.1
NH
N
NN
N N
N
HN
OH O
O
Br
5.2
C10H21C10H21
C10H
21
C10H2
1
C10H21 C10H21
NH
N
NN
N N
N
HN
C10H21C10H21
C10H21
C10H21
C10H21 C10H21
O
O
Br
n
N
N
NN
N N
N
N
C10H21C10H21
C10H21
C10H21
C10H21 C10H21
PMDETA
CuBr
anisole
90 oC
5.3
Cu
a
 
 
Scheme 5.1 Synthesis of free-base phthalocyanine ATRP initiator 5.1 and subsequent 
polymerization of styrene. Reaction conditions: (a) 2-bromoisobutyryl bromide, Et3N, CH2Cl2. 
 
With the free-base phthalocyanine initiator bulk-polymerization of styrene under ATRP 
conditions was performed (Scheme 5.1). Copper(I) bromide was used as the catalyst 
with two equivalents of pentamethyl diethylene triamine (PMDETA) as the ligand. From 
earlier experiments with a free-base porphyrin initiator (see Chapter 3) it was already 
known that two equivalents of copper bromide were necessary to perform a controlled 
polymerization, due to the preferential insertion of copper(II) into the macrocyclic core. 
Therefore, the polymerization from the phthalocyanine initiator was directly carried of 
with two equivalents of copper bromide. The polymerization was performed at 90˚C in a 
mixture of styrene/anisole (2/1, v/v). The conversion of styrene during the 
polymerization reaction was followed by GC with anisole as the internal standard. 
The polymerization followed first order kinetics in monomer, pointing to a controlled 
reaction (as demonstrated by the linear semi logarithmic plot of ln[M]0/[M]n vs. 
polymerization time, see Figure 5.3). The polystyrene functionalized Cu(II) 
phthalocyanine 5.3 was purified on a size exclusion column (Biobeads, toluene). GPC 
measurements showed a perfect overlap of the signals measured at 254 nm for the 
polystyrene and 695 nm for the phthalocyanine, indicating the formation of 
phthalocyanine functionalised polystyrene. The measurements, however, did not show a 
normal peak-shape as expected for a polymer with a mono-modal Gaussian size-
distribution but a broad peak with an unexpected high elution time. 
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Figure 5.3 Semi logarithmic plot of ln[M]0/[M]n vs. polymerization time for the 
polymerization of styrene using free-base phthalocyanine 5.2 as initiator. 
 
 
Figure 5.4 (A) UV-Vis spectra of Cu-phthalocyanine polystyrene 5.3 in chloroform (solid line) 
and chloroform/methanol mixtures (dashed lines). (B) Enlargement of the λ = 600 – 800 nm 
region from (A). 
 
The aggregation behavior of the Cu-phthalocyanine polystyrene hybrid 5.3 was studied 
by UV-Vis. The UV-Vis spectrum (Figure 5.4) of the compound in chloroform (0.03 
mg/ml) showed a sharp peak at λ = 697 nm (Q-band) with a shoulder at λ = 627 nm 
and a broad Soret band at λ = 342 nm. This spectrum is typical for non-aggregated Cu-
phthalocyanines. Upon the addition of methanol, the Q-band started to broaden, the 
maximum at λ = 697 nm decreased and the shoulder at λ = 627 nm immediately 
disappeared. A new small and broad peak arose at λ = 639 nm, as can be clearly seen in 
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Figure 5.4B, which is an enlargement of the Q-band region of the spectrum. In addition 
the Soret band showed a small red-shift and significant broadening. The blue-shift of the 
Q-band indicates stacking of the phthalocyanine units, hence pointing to aggregation of 
the phthalocyanine polystyrene hybrids. Nevertheless, transmission electron microscopy 
studies of the phthalocyanine polystyrene solutions did not reveal the formation of any 
distinct morphologies. 
These first experiments showed that the polymerization of polystyrene from a 
phthalocyanine functionalized initiator was feasible. The structure of this particular 
phthalocyanine, however, hindered the correct characterization. In addition, the use of a 
free-base phthalocyanine should be prevented because the start of the polymerization 
reaction will be more difficult to control due to the relatively high Cu concentrations and 
because the resulting Cu-phthalocyanine polystyrene can not be characterized by NMR. 
Therefore, from this point on the focus of the research was shifted towards an initiator 
prepared from 2,3,9,10,16,17-hexakis(4-tert-butyl-phenoxy)-24-(2-hydroxyl-ethoxy)-
phthalocyanine 5.4. 
 
5.2.2    Zn-phthalocyanine-polystyrene 
Synthesis 
A new zinc phthalocyanine initiator for the polymerization of styrene was prepared as 
depicted in Scheme 5.2. First, zinc was inserted into the core of phthalocyanine 5.4 by 
refluxing the free-base phthalocyanine with an excess of zinc acetate dihydrate in a 
mixture of chloroform and methanol (3/1, v/v) to yield 97% of the desired product. 
The resulting zinc phthalocyanine was functionalized with an initiator for ATRP by 
stirring it with a small excess of bromoisobutyryl bromide and an equimolar amount of 
triethylamine in dry dichloromethane at room temperature. The formed zinc 
phthalocyanine initiator 5.5 was purified by column chromatography (silica, 4% 
methanol/chloroform), size exclusion column (Biobeads, toluene) and, finally, 
precipitation in methanol to yield 87% of a blue-green solid compound that was 
characterized by MALDI-TOF, NMR and UV-Vis. 
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Scheme 5.2 Synthesis of Zn- phthalocyanine  ATRP initiator 5.5. 
 
Subsequently, bulk-polymerization of styrene under ATRP conditions was performed 
with the zinc phthalocyanine initiator 5.5. As the catalyst one equivalent of Copper(I) 
bromide was used with two equivalents of pentamethyl diethylene triamine (PMDETA) 
as the ligand. The polymerizations were performed at 90˚C in a mixture of 
styrene/anisole (2/1, v/v). The conversion of styrene during the polymerization 
reaction was determined by GC using anisole as internal standard. 
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Scheme 5.3 Polymerization of styrene using phthalocyanine 5.5 as initiator. 
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Figure 5.5 Semi logarithmic plot of ln[M]0/[M]n vs. polymerization time for the 
polymerization of styrene using Zn-phthalocyanine functionalized 5.5 as initiator. 
 
 
Figure 5.6 (A) Plot of Mn (corrected for the initiator group) vs. the conversion of styrene and (B) 
the dispersity index (DPI = Mw/Mn) vs. the conversion of styrene for the polymerization of styrene 
using Zn-phthalocyanine functionalized initiator 5.5 as catalyst. The values of Mn and DPI were 
measured by GPC. 
 
Figure 5.5 shows the semi logarithmic plot of ln[M]0/[M]n vs. polymerization time for 
the  polymerization reaction. The linear relation indicates that the polymerization 
follows first order kinetics and therefore proceeds in a controlled fashion. Figure 5.6A 
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depicts a plot of the number average molecular weight (Mn) of the polystyrene hybrid 
versus the conversion of styrene. The plot is linear and this is another strong indication 
for a controlled living polymerization reaction. Figure 5.6B depicts a plot of the 
molecular weight distribution of the polymer hybrid in time, which shows an increasing 
polydispersity eventually resulting in a PDI of 1.4 (Table 5.1). 
Phthalocyanine polystyrenes with two different polystyrene tail lengths were prepared 
(i.e. 5.6a and 5.6b, Table 5.1), by terminating the two separate polymerizations at 
different degrees of styrene conversion. 
GPC studies on polymer 5.6a revealed the presence of a small amount of a low 
molecular weight compound with a strong absorbance at λ=684 nm (the phthalocyanine 
region). This material could be isolated from the polymer and was analyzed by MALDI-
TOF mass spectrometry. It proved to be a compound twice the mass of the 
phthalocyanine unit, plus two or three styrene units, pointing to the termination of two 
radical species in the beginning of the polymerization process. Since the phthalocyanines 
have the tendency to pre-organize themselves into molecular stacks, this early 
termination is probably promoted by a high local concentration of initiator molecules. 
Furthermore, this effect is enhanced by the low solubility of this particular 
phthalocyanine in the reaction mixture of styrene and anisole. 
 
Table 5.1 Polymerization conditions and characterization of phthalocyanine polystyrene 
compounds 
Initiator Polystyrene 
product 
Polymerization 
conditions 
Styrene(c) 
conv. (%) 
PDI (a) Mn
(a) 
kg mol-1 
Mw
 (a) 
kg mol-1 
5.5 5.6a 1 equiv. CuBr, 2 
equiv. PMDETA(b) 
85 1.43 15.9 22.8 
5.5 5.6b 1 equiv. CuBr, 2 
equiv. PMDETA(b) 
8.5 1.21 2.80 3.41 
(a) Measured by GPC at λ=254 nm. (b) Pentamethyl diethylene triamine. (c) Determined by GC with anisole as internal 
standard. 
 
To avoid this early termination reaction, in a subsequent experiment the polymerization 
was performed at lower concentrations, i.e. more diluted with styrene (2.5 times). The 
lower concentration of radicals in solution will decrease the chance of termination. GPC 
analysis of crude product (5.6b) showed no formation of low molecular weight 
compounds. 
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The reaction mixtures were purified by size exclusion chromatography (Biobeads, 
toluene). The polymer batches were analyzed by GPC (Table 5.1 and Figure 5.7), NMR, 
MALDI-TOF mass spectrometry (Figure 5.8) and UV-Vis.  
The GPC profiles (Figure 5.7) of the phthalocyanine polystyrene hybrids were measured 
at two different wavelengths: λ=254 nm (polystyrene tail) and λ=684 nm 
(phthalocyanine Q-band region). Both profiles showed a perfect overlap, indicating that 
the polystyrene tails were well functionalized with the phthalocyanine initiator-group. 
The number average molecular weights were estimated by GPC (Table 5.1) and by 
measuring the 1H NMR peak integrals and amounted to Mn = 15.9 kg/mol and Mn = 2.8 
kg/mol, for compounds 5.6a and 5.6b, respectively. The results from the GPC and 1H 
NMR  experiments were in good agreement. 
 
Figure 5.7 GPC profiles of phthalocyanine polystyrene 5.6a (A) and 5.6b (B), measured at two 
different wavelengths: λ=684 nm (solid lines) and λ=254 nm (dashed lines). 
 
 
Figure 5.8 (A) MALDI-TOF spectrum of phthalocyanine polystyrene 5.6b (linear mode). (B) 
Plot of the peak-mass versus monomer units with intercept at the y-axes of 1592. 
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MALDI-TOF spectra were recorded in the linear mode with dithranol as the matrix. In 
Figure 5.8A the results for phthalocyanine polystyrene 5.6b are shown. The MALDI-
TOF spectrum revealed two sets of masses both with a regular interval of 104 as 
expected for a polymer of styrene. End-group analysis of the polystyrene hybrids was 
performed to identify the correct mass for the end-groups on the two chain-ends of the 
polymer. The plot of the most dominant mass set is shown in Figure 5.8B. The intercept 
at the y-axes corresponds with the polymer end-group mass. For this set of masses, the 
end groups had a combined mass of 1592 g/mol, which corresponds with the 
phthalocyanine functionality at one end and the lost of the bromine at the other end of 
the polymer. The second set of masses was analyzed in the same way and revealed a 
similar polymer with the phthalocyanine at one end and a hydroxyl functionality at the 
other end of the polymer. These products are expected to form during the workup of the 
ATRP reaction mixture in the presence of water (which originates from the toluene used 
in the workup). A third mass set, much less pronounced than the other two, pointed to 
phthalocyanine polystyrenes which formed complexes with the matrix molecules that 
were used for this measurement (dithranol (226 g/mol)). In Figure 5.8A a prominent 
peak at 3398.5 of unidentified origin is visible, probably a covalent or non-covalent 
dimer. A phthalocyanine fragment is also visible in the MALDI-TOF spectrum around 
1600 (not shown) and is probably caused by fragmentation of the dimer. 
 
Aggregation studies 
It is known that phthalocyanine compounds that are molecularly dissolved in a good 
solvent like chloroform can form stacks upon the addition of a polar poor solvent like 
methanol. In chloroform, the Zn-phthalocyanine polystyrene hybrids 5.6a and 5.6b 
dissolved readily. Studies were carried out to investigate the aggregation behavior of 5.6a 
and 5.6b in different chloroform/methanol mixtures.  
The aggregation behavior was studied by UV-Vis spectroscopy. The spectrum of 5.6b in 
chloroform (Figure 5.9A, solid line) showed a sharp peak in the Q-band region at λ = 
682 nm with a shoulder at λ = 615 nm and a Soret band at λ = 355 nm. Upon raising 
the methanol concentration of the sample (Figure 5.9B, dashed lines), the Q-band 
started to broaden and at 50% of methanol (v/v) the band at 682 decreased fast and a 
new band at λ = 632 nm showed up (Figure 5.9C and D). Further raising the methanol 
concentration caused the band at λ = 632 nm to increase until a maximum was reached 
at 80 % of methanol and the band at λ = 682 nm to decrease until it almost disappeared. 
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The Soret band at λ = 355 nm broadened and shifted to lower wavelengths at higher 
methanol concentrations. These spectral changes point to the stacking of the 
phthalocyanine units, as a result of the formation of aggregates by the phthalocyanine 
polystyrene hybrids. 
 
 
 
Figure 5.9 (A) UV-Vis spectra of Zn-phthalocyanine polystyrene 5.6b in chloroform (solid 
line) and in chloroform/methanol mixtures (dashed lines). (B) Enlargement of the λ = 600 – 800 
nm region in (A). (C) Plot of the absorbance at 632 nm as a function of the volume % methanol. 
(D) Plot of the absorbance at 682 nm as a function of the volume % methanol. 
 
The aggregate formation of 5.6a and 5.6b was further studied by Transmission Electron 
Microscopy (TEM). Aggregate solutions were prepared by the slow addition of methanol 
to a chloroform solution of the phthalocyanine polystyrene hybrids (1.6 mg/ml, CHCl3). 
The final ratio chloroform/methanol was 1/0.8 (v/v). Samples were prepared by 
placing drops of the solution on carbon-coated grids. 
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Figure 5.10 Transmission electron microscope pictures showing the aggregation behavior of Zn-
phthalocyanine polystyrene 5.3a (A) and 5.3b (B, C and D) in chloroform/methanol mixtures 
(2/1, v/v). 
 
Figure 5.10A shows an electron micrograph of the aggregates formed by 5.6a. Large, 
solid spheres are visible, 800-1000 nm in size. The same experiment, performed on 
compound 5.6b, resulted in the formation of small spherical aggregates 20-80 nm in size 
(Figure 5.10B, C and D). These structures started to appear at a ratio of 1/0.5 (v/v, 
CHCl3/MeOH). These aggregates clearly have a different architecture compared to the 
spheres depicted in Figure 5.10A. Instead of the solid black spheres that were formed by 
5.6a, these structures have a dark interior, which is surrounded by a lighter area, which 
might point to vesicle-like morphologies.  
The average tail-length of phthalocyanine polystyrene 5.6a is 15 times longer than the 
average tail-length of 5.6b. This difference in the ratio of head to tail is expected to be 
the basis for the difference in aggregate morphology. For compound 5.6a, the 
phthalocyanine head-group does not seem to influence the aggregate formation very 
much, resulting in large, phase separated polystyrene structures. However, for the 
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compound with the shorter polystyrene tail 5.6b, the phthalocyanine head group seems 
to drive the aggregation process into the direction of more organized architectures. 
 
Polarizing microscopy studies 
Phthalocyanines and their metal complexes with flexible alkyl chains form a major class 
of discotic liquid crystalline materials.1 The Zn-phthalocyanine polystyrenes 5.6a and 
5.6b were studied by polarizing microscopy to investigate possible liquid crystalline 
properties. 
A drop of a solution of the phthalocyanine polystyrenes in chloroform was dried on a 
glass substrate and analyzed under a polarization microscope as a function of 
temperature. First, the temperature was slowly raised from room temperature to 300 ˚C 
at which the sample was found to be in an isotropic state. Subsequently the sample was 
slowly cooled to room temperature.  
For phthalocyanine polystyrene 5.6a no birefringence in the film was observed during 
the cooling process, even after several heating-cooling cycles. However, for 
phthalocyanine polystyrene 5.6b a liquid crystalline pattern was observed (with crossed 
polarizers) starting at 260 ˚C in the first cooling run (Figure 5.11), after the first heating 
run to 300 ˚C. At 260 ˚C the polymer film was still in a liquid crystalline state, and after 
cooling further to 180 ˚C the polymer film became solid again but the pattern stayed 
intact, also after further cooling to room temperature. During the second heating cycle 
the pattern disappeared very slowly by heating again to > 260 ˚C. In the second and 
third cooling cycle the same behavior was found. 
 
 
Figure 5.11 Polarizing micrograph (polarizer’s at 90˚) of the liquid-crystal pattern displayed by 
phthalocyanine polystyrene hybrid 5.6b. 
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It was required to heat the material to 300 ˚C in order to obtain a fully isotropic 
material. Since these high temperatures possibly damage the material, the compound was 
analyzed by UV-Vis and GPC after the measurements to determine if the phthalocyanine 
polystyrene was still intact. The phthalocyanine polystyrene showed the same GPC 
profile before and after heating, at both wavelengths (λ=684 nm and λ=254 nm), and a 
normal UV-Vis spectrum, indicating that 5.6b had not decomposed. 
Further research should be performed to investigate the possible phase transition 
behavior of this compound, e.g. by performing DSC measurements. 
 
5.3     Conclusions 
Free-base and zinc-phthalocyanine initiators for ATRP of styrene were successfully 
prepared. The polymerization of styrene using these initiators resulted in the formation 
of well-defined polystyrenes end-capped with Cu(II)- and Zn(II)-phthalocyanines. The 
aggregation behavior of the phthalocyanine-polystyrene hybrids was studied in 
chloroform/methanol mixtures with UV-Vis and electron microscopy. 
Zn-phthalocyanine polystyrene samples with two different polystyrene lengths were 
prepared. The two polymers showed a distinct difference in aggregation behavior, as was 
visualized by transmission electron microscopy. The Zn-phthalocyanine with the longer 
polystyrene tail showed the formation of large spherical, probably phase-separated 
structures (800-1000 nm in size) in contrast to the Zn-phthalocyanine with the short 
polystyrene tail, which formed smaller vesicle-like structures, 20-80 nm in size. 
It was found that the Zn-phthalocyanine with the short polystyrene tail displays liquid 
crystalline behaviour below 260˚C after heating in the first run to 300˚C, as was 
concluded from polarization microscopy studies. 
These studies show that the stacking of the phthalocyanine end-group has a large 
influence on the aggregation behavior of the phthalocyanine polystyrene hybrids with 
short polystyrene tails, both on a glass surface by changing the temperature and in 
chloroform solution by the addition of a non-solvent, e.g. methanol. 
 
5.4     Experimental section 
5.4.1    General methods and materials 
CHCl3 and CH2Cl2 were distilled over CaCl2, methanol over CaH2 and toluene over 
sodium. All other chemicals were used as commercially obtained, unless stated 
otherwise. Free base phthalocyanine 5.4 was kindly donated by Dr. Gema de la Torre 
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Ponce from the Universidad Autónoma de Madrid. Compound 5.1 was kindly donated 
by J. Sly. 
UV/Vis spectra were measured on a Varian Cary 50 spectrophotometer. 1H NMR 
spectra were recorded on Bruker WM-200 and Bruker AC-300 instruments and 13C 
NMR spectra on a Bruker AC-300 spectrometer. GPC measurements were performed 
on a Shimadzu GPC with Shimadzu refractive index and UV-Vis detectors using THF or 
CHCl3 as mobile phases. MALDI-TOF measurements were performed with a Kratos 
Kompact MALDI 4 instrument. Elemental analyses were determined on a Carlo Erba 
1180 instrument. Polarization microscope measurements were performed on a Jeneval 
polarization microscope THMS 600 hot stage (cooling / heating speed: 5 ˚C/min) 
 
5.4.2    Syntheses 
1, 4, 8, 11, 15, 18-Hexakis(decyl)-24-(2-bromoisobutyryloxyester)-phthalo-
cyanine (5.2) 
This compound was prepared as described for compound 5.5 (see below) from 
phthalocyanine 5.1 in 70% yield after purification by silica column chromatography. 
1H NMR (CDCl3, 300.13 MHz) δ 8.62 (broad d, 1H, phthalocyanineH), 8.49 (broad s, 
1H, phthalocyanineH), 7.7-7.8 (m, 4H, phthalocyanineH), 7.65 (broad d, 1H, 
phthalocyanineH), 7.62-7.55 (broad d, 2H, phthalocyanineH), 4.2 (broad m, 6H, alkyl-
tailH), 4.1 (broad m, 4H, alkyl-tailH), 3.84 (broad m, 2H, alkyl-tailH), 2.32 (s, 6H, 
C(CH3)2Br) 2.2-1.45 (broad m’s, 24H, alkyl-tailH), 1.4-1.1 (broad m, 72H, alkyl-tailH), 
0.83 (broad m, 18H, alkyl-tailH). Maldi-TOF mass spectrometry (reflective mode) m/z 
1518, 1519, 1520, 1521, 1522, 1523 (isotopic pattern M+). 
 
2, 3, 9, 10, 16, 17-Hexakis(4-tert-Butyl-phenoxy)-24-(2-hydroxyl-ethoxy)-
phthalocyaninato zinc (Zn-5.4) 
Compound 5.4 (40 mg, 0.027 mmol) was dissolved in a mixture of chloroform and 
methanol (3/1, v/v). An excess of Zn(OAc)2.2H2O (29 mg, 0.13 mmol) was added to 
the solution and the resulting reaction mixture was refluxed for 20 hrs. The reaction 
mixture was evaporated to dryness and redissolved in chloroform. The solution was 
washed extensively with water and the organic layer was evaporated yielding Zn-5.4 as a 
blue solid (40 mg, 97%). 
1H NMR (CDCl3, 300.13 MHz) δ 8.8-7.6 (broad m, 8H, phthalocyanineH), 7.5-6.9 (m, 
24H, ArH), 4.5-3.2 (broad, 4H, OCH2CH2OH), 1.4-1.2 (m, 54H, C(CH3)3) ppm. UV-
Vis (CHCl3) λ 290, 346, 617, 685 nm. 
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2, 3, 9, 10, 16, 17-Hexakis(4-tert-Butyl-phenoxy)-24-((2-bromoisobutyryl-
oxyester)-ethoxy)-phthalocyaninato zinc (5.5) 
To a solution of Zn-5.4 (40 mg, 0.026 mmol) and triethylamine (50 μl, 0.4 mmol) in 
dry dichloromethane was slowly added 2-bromoisobutyryl bromide (45 μl, 0.36 mmol). 
The reaction mixture was stirred for 43 hrs. Subsequently, the organic layer was washed 
with water and evaporated to dryness. The crude reaction product was purified by silica 
column chromatography (silica, 4% MeOH/CHCl3), followed by a SEC (Biobeads, 
toluene) and finally precipitation in methanol to yield 5.5 as a purple solid (38 mg, 87 
%). 
1H NMR (CDCl3, 300.13 MHz) δ 8.5-7.5 (m, 8H, phthalocyanineH), 7.4-7.0 (m, 24H, 
ArH), 4.60 (s, 2H, OCH2CH2OH), 4.28 (s, 2H, OCH2CH2OH), 1.94 (s, 6H, 
C(CH3)2Br), 1.4-1.2 (m, 54H, C(CH3)3) ppm. Maldi-TOF mass spectrometry (reflective 
mode) m/z 1672, 1673, 1674, 1675, 1676, 1677, 1678, 1679, 1680 (isotopic pattern 
M+). UV-Vis (CHCl3) λ 290, 346, 617, 685 nm. 
 
5.4.3    Polymerization of styrene by ATRP: typical procedure 
A Schlenk tube was charged with the porphyrin initiator and CuBr and vacuum-nitrogen 
refilled three times. Subsequently, the Schlenk tube was capped with a septum and 
styrene and anisole were added with a syringe. The resulting mixture was purged with 
nitrogen for 5 min. and placed in an ice-bath, after which PMDETA was added as the 
ligand. Next, the tube was placed in an oil bath with a temperature of 90 °C and samples 
were taken from the reaction mixture periodically to determine the ratio styrene/anisole 
with the help of gas chromatography. After polymerization the mixture was dissolved in 
toluene and purified over a short size exclusion column (Bio-beads S-X1) with toluene as 
the eluent to remove traces of copper and unreacted monomer from the polymer batch. 
 
5.4.4    Electron microscopy studies 
To a solution of the phthalocyanine-polystyrene compound in chloroform was added 
methanol to induce aggregation. Samples for electron microscopy were taken from the 
aggregate solutions and a drop was placed on a carbon-coated grid situated on a filter 
paper, which directly removed the excess solvent. The grids were analyzed with TEM 
(JEOL JEM-1010 microscope (60 kV) equipped with a CCD camera). 
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6.1     Introduction 
Recently, an interesting new class of amphiphiles has been introduced: the giant 
amphiphiles. In these compounds, biomacromolecules like proteins or enzymes act as 
polar headgroups and synthetic polymers as the apolar tails. The behavior in aqueous 
solution of this next generation of amphiphiles has been studied to investigate if they 
would behave in the same manner as their low-molecular weight analogues, and also 
form well defined assemblies. Three different approaches to construct giant amphiphiles 
have been described, categorized by the type of linkage between the protein and the 
polymer: ligand-protein interaction1, cofactor reconstitution2 and covalent attachment3. 
 
In the first approach the giant amphiphile is constructed by making use of the specific and 
strong binding of the protein streptavidin to biotin (Figure 6.1). The high affinity of the 
biotin-streptavidin couple has made this system one of the most useful tools in 
biotechnology. Streptavidin has been used in many research groups as a versatile building 
block: e.g. in lipid-streptavidin conjugates, in dendrimer-streptavidin architectures and 
in supramolecular assemblies of DNA.4 
 
 
 
Figure 6.1 (A) Streptavidin with four biotin-saturated binding pockets. (B) Molecular structure 
of biotin. 
 
Streptavidin is a 60 kDa protein that consists of four identical subunits (Figure 6.1A), 
each containing a binding site. The four binding sites are positioned in pairs at opposite 
faces of the protein. Every binding site of the streptavidin can bind one biotin molecule 
(Figure 6.1B) and the affinity between them is so high (Ka ~ 10
13 M-1) that the resulting 
complex can be regarded as irreversible. The valeric acid carboxyl group of biotin can be 
used for modification, since it does not play a significant role in the binding process. 
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Streptavidin has a remarkably thermal stability (Tm = 75˚C), which is even increased 
upon binding of biotin (Tm=112˚C).
5  
Following the ligand-protein interaction approach, a research project recently performed 
in our own group, a biohybrid was prepared by Hannink et al., viz. by the association of 
two molecules of monobiotinylated polystyrene with one streptavidin.1 These biohybrids 
differ from other protein-polymer systems described in the literature, in the sense that 
the protein-to-polymer ratio is predefined and the position of the conjugation site is 
precisely known. The binding sites of the streptavidin are positioned in pairs on opposite 
faces of the protein, which allows the use of the protein as a versatile modular building 
block in the construction of supramolecular systems. The protein streptavidin itself has 
no catalytic activity, but the two binding sites that are still free can be used to bind 
biotinylated enzymes, which do have catalytic activity.6 
The synthesis of a variety of polystyrene-streptavidin giant amphiphiles and the study of 
their aggregation behavior and catalytic properties has also been described before by 
Hannink.6 Following up on this work, this Chapter describes the routes to construct 
streptavidin giant amphiphiles with thermo-responsive polymer tails. 
 
Stimuli-responsive polymers, also called smart polymers, are polymers which respond 
with property changes to small physical or chemical stimuli such as pH, specific ions, 
electric fields and temperature.7 A sub group of these stimuli-responsive polymers are 
temperature-sensitive polymers, which for example have a so-called lower critical 
solution temperature (LCST). Above this specific temperature the polymer 
spontaneously transforms from a well-solvated and dissolved form to a poorly solvated, 
relatively insoluble material. This property can be explained by the temperature induced 
change in the molecular shape of the polymer in an aqueous environment and the 
subsequent (intermolecular) aggregation between the polymer chains. If the temperature 
is raised above the LCST the polymer chain transforms from a solvated expanded coil to 
a collapsed globule.8  This transition is attributed to the changes in hydrogen bonding 
interactions and changes in the solvation of the polymer segments by the surrounding 
water molecules.  This endothermic process is associated with the reduction of the 
ordered water structure, surrounding hydrophobic moieties along the polymer chains. 
An illustrative example of the use of smart polymers in superamphiphiles from the 
literature is a diblock copolymer consisting of two different responsive blocks, so-called 
“schizophrenic” polymers. They can exist in three states in aqueous solution; as 
conventional micelles, reverse micelles, and as molecularly dissolved (non-micellar) 
chains.9 
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Different stimuli-responsive polymer-protein systems have been designed by Hoffman 
and coworkers, with the objective to reversibly precipitate the attached protein at a 
certain temperature or to reversibly block the active site of the protein.10,11  Site-specific 
conjugation of a responsive polymer at a site away from the protein binding pocket 
permits temperature-induced precipitation of the conjugate. The coupling of the 
polymer in the vicinity of the protein binding pocket provides sensitive environmental 
control of the ligand-protein recognition process, a phenomenon that provides many 
possible applications in medicine and biotechnology. 
As described above, thermoresponsive polymers have been used for a variety of 
purposes. However, the research never developed in the direction of giant amphiphiles 
with thermoresponsive polymer tails and the study of their temperature controlled self-
assembly into well-defined aggregates in solution. In this Chapter two different synthesis 
routes to biotin-functionalized poly-N-isopropylacrylamide (polyNIPAM) (Figure 6.2B) 
are described. Furthermore, the complexation of the polymer with streptavidin and the 
aggregation behavior of the giant amphiphiles in water is studied. 
 
6.2     PolyNIPAM amphiphiles 
Since streptavidin has four available binding sites for biotin, a variety of interesting 
structures can be constructed from streptavidin and biotin-functionalized building 
blocks. Figure 6.2A depicts two different routes (1 and 2) via which functionalized 
streptavidins can be constructed. Route 1 will result in a symmetrical polymer-
streptavidin hybrid by binding four identical blocks (e.g. biotin functionalized 
polyNIPAM) to one streptavidin. Route 2 leads to an unsymmetrical tri-block polymer-
streptavidin structure. It makes use of the assembly of the different blocks via a step-wise 
process at the air-water interface. In the first step two of the four available binding sites 
of the streptavidin are provided with two biotin-functionalized polyNIPAM polymer 
molecules, after which in step two the two remaining binding pockets can be used for 
functionalization with e.g. an enzyme or a different polymer. A second possibility is the 
use of biotin-functionalized polystyrene in the first step, after which polyNIPAM is 
attached in the second step. 
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Figure 6.2 (A) Schematic representation of the construction of polyNIPAM-based amphiphiles 
by using the streptavidine-biotin linkage. 1: preparation in solution, 2: preparation on the air-
water interface.  (B) Molecular structure of polyNIPAM. 
 
The first step in the construction of polymer-streptavidin hybrids is the functionalization 
of the polymer with biotin. In this study the thermoresponsive polymer poly-N-
isopropylacrylamide (polyNIPAM) was used (Figure 6.2B). Our first approach to 
construct the biotin-polyNIPAM necessary for the complexation studies with the 
streptavidin was via endgroup modification. 
 
6.2.1    Synthesis of biotinylated polyNIPAM from amino terminated 
polyNIPAM 
Commercially available amino terminated polyNIPAM 6.1 (Polymersource, Mn = 7110, 
Mw/Mn = 1.26) was reacted with a twenty fold excess of biotin-4-nitrophenyl ester 6.2 
in a minimal amount of DMF and a trace amount of triethylamine for four days (Scheme 
6.1). In order to remove any low molecular weight compounds the product was purified 
by dialysis against MilliQ water, centrifugation and subsequent chromatography of the 
resulting supernatant over a size exclusion column (Sephadex G15, MilliQ). 
Thin layer chromatography (TLC, butanol/acetic acid/water = 4/1/1 (v/v/v)) revealed 
only one spot with a retention time similar to that of the starting polymer (Rf = 0.81-
0.99), which could be stained using p-DACA (p-dimethylaminocinnamaldehyde), an 
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indicator for biotin groups. This result proved that the desired product had been 
obtained, but did not give any information on the yield of the reaction. 
From the comparison of the integrals of the biotin moiety and those of the polymer back-
bone in the 1H-NMR spectra, it could be concluded that the product was a mixture of 
biotinylated polyNIPAM 6.3 (14%) and starting polymer 6.1 (86%). The similarity in 
molecular weight and polarity of both compounds made further purification in this stage 
very difficult. However, it was anticipated that binding of 6.3 to streptavidin would 
dramatically change its properties and thereby making separation from polymer 6.1 
possible, by using either dialysis, size exclusion chromatography, chromatography on a 
hydroxylapatite column or, most promising, affinity chromatography. The poor end-
group functionalization of the polyNIPAM was found to be the result of the very low 
functionality of the starting polymer 6.1, as shown by 1H-NMR (500 MHz), which 
revealed the presence of only circa 20% of amine functionalities. 
 
O (CH2)4
O S
NH
H
N O
OHN
NC
S
NH2n
a
O2N+
OHN
NC
S
H
N
n
(CH2)4
O S
NH
H
N O
6.1 6.2
6.3  
 
Scheme 6.1 The synthesis of biotin-functionalized polyNIPAM 6.3 from amine functionalized 
polyNIPAM 6.1. 
 
6.2.2    Complex formation and characterization 
In order to prepare samples of the polyNIPAM-streptavidin complex in which the 
streptavidin is fully saturated with the biotinylated polymer 6.3, 40 equivalents of the 
polymer mixture (which contained ~14% of 6.3 and ~86% of 6.1) was added to one 
equivalent of streptavidin in a phosphate buffer solution (pH 7.2). 
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SDS-Polyacrylamide gel electrophoresis (SDS-Page) 
The water soluble character of polyNIPAM at low temperatures makes it possible to use 
gel electrophoresis to investigate the formation of the protein-polymer complexes.  
Samples of streptavidin (Figure 6.3, lane 1 and 4), a physical mixture of unmodified 
polyNIPAM 6.1 and streptavidin (Figure 6.3, lane 2), and the polyNIPAM-streptavidin 
hybrid (Figure 6.3, lane 3) were loaded onto a SDS-polyacrylamide electrophoresis gel. 
From the resulting gel it could be concluded that the sample with the biotinylated 
polyNIPAM-streptavidin complex possessed a higher apparent molecular weight as 
compared to streptavidin, indicating the formation of the hybrid complex. That this 
increase in molecular weight is not caused by nonspecific interactions between the 
polymer and the protein was shown by the blank experiment in lane two. 
 
 
 
Figure 6.3 SDS-page electrophoresis gel of streptavidin (lane 1 and 4), streptavidin in the 
presence of unmodified polyNIPAM (lane 2) and the biotinylated polyNIPAM (lane 3). 
 
 
HABA-streptavidin assay 
In order to investigate the streptavidin binding behavior of the biotinylated polymer 6.3 
the HABA-streptavidin assay (Figure 6.4B) was performed. 4’-Hydroxyazobenzene-2-
carboxylic acid (HABA) (Figure 6.4A), is known to bind to streptavidin, however the 
binding constant is much lower (Ka ~ 10
4 M-1) than that of biotin (Ka ~ 10
13 M-1). HABA 
can be detected spectroscopically, λmax being 350 nm in its free form and λmax = 500 nm 
when it is bound to streptavidin. In the HABA assay, a sample containing streptavidin and 
HABA is titrated with a solution containing the functionalized biotin. Because the biotin 
has a much higher binding constant, the equilibrium shifts to the streptavidin-biotin side 
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and the ratio of HABAbound to HABAfree will decrease. This change can be recorded by 
UV-Vis spectrometry following the decrease at λ  = 500 nm (HABAbound) and the 
increase at λ = 350 nm (HABAfree).  
Figure 6.5A shows the UV-Vis spectra of the titration of a solution containing HABA and 
streptavidin with biotinylated polyNIPAM. It reveals, as expected, a decrease at λ  = 500 
nm and an increase at λ = 350 nm. No isobestic point at λ  = 450 nm was observed 
probably because the large increase of the signal at λ  = 280 nm (origin: amide bonds in 
the polyNIPAM side chains) lifted the baseline of the UV-Vis spectra significantly, 
masking it. The titration curve at λ  = 500 nm of the HABA-streptavidin assay is plotted 
in Figure 6.5B. The signal corresponding to HABAbound approached zero during the 
course of the experiment, indicating that all four binding sites of streptavidin became 
occupied by the biotinylated polyNIPAM.  
 
 
 
 
Figure 6.4 (A) 4’-Hydroxyazobenzene-2-carboxylic acid (HABA) in associated or dissociated 
form with corresponding λmax. (B) Schematic representation of the HABA-streptavidin assay. 
 
The shape of the titration curve suggests a delayed binding event: the slope increases with 
the polymer-streptavidin ratio. In a first instance, one would expect a fast binding for the 
first two equivalents of polymer and a slow binding for the last two equivalents due to 
possible steric hindrance of the already bound polymer tails. A reason for the delayed 
binding effect could be that first aggregates are being formed and because of that only a 
small part of the biotin groups is available for binding at the beginning of the titration. 
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Figure 6.5 HABA-test (A) Change of the UV-Vis absorption spectrum during the titration of the 
HABA-streptavidin complex with polyNIPAM-biotin/polyNIPAM mixture. (B) Plot of the absorption 
at 500 nm versus the ratio of polyNIPAM-biotin (mixture with polyNIPAM)/streptavidin. 
 
In a blank experiment with unmodified polyNIPAM 6.1 no change in the relative 
absorption intensities was found, proving that 6.1 does not play a role in the binding to 
Streptavidin. 
The titration curve shown in Figure 6.5B suggests that upon addition of 40 equivalents of 
polymer all streptavidin binding sites become occupied. Assuming that four biotin 
moieties bind to one streptavidin molecule at the point where the absorption at λ = 500 
nm is zero, the end-group functionalisation of 6.1 to form biotinylated polyNIPAM 6.3 
was calculated to be approximately 11 %. This value is of the same order as found by 1H-
NMR (14%). 
 
FPLC 
In order to investigate whether it was possible to purify the polyNIPAM-streptavidin 
complex, Fast Performance Liquid Chromatography (FPLC) was performed. Samples of 
streptavidin, the biotinylated polyNIPAM and the hybrid complex were injected. The 
individual compounds could be traced with the help of UV detection at λ = 280 nm 
(protein detection) and λ = 214 nm (polyNIPAM detection). 
The chromatographs revealed retention volumes of 15.0 and 14.4 ml, respectively, for 
streptavidin and biotinylated polyNIPAM. After preparing the complex, however, the 
chromatograph did not show the original protein peak anymore, indicating that all the 
streptavidin had been associated with the polymer. Moreover, a new peak at 10.5 ml was 
observed, indicating the presence of a species with an apparent increase in size due to the 
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formation of the polymer-protein complex. This technique can be used to purify the 
protein-polymer complex from any non-associated polyNIPAM by collecting the 
different fractions eluting from the column. 
That the peak eluting at 10.5 ml is not caused by a nonspecific interaction between 
polyNIPAM and streptavidin was validated by carrying out a blank experiment. A sample 
containing a mixture of unmodified polyNIPAM 6.1 and streptavidin was injected, which 
resulted in only a small shift of the protein peak from 15.0 to 14.7 ml (not shown). 
 
 
 
 
Figure 6.6 FPLC traces of biotin-polyNIPAM (dotted line), streptavidin (dashed line) and the 
biohybrid complex of the two species (solid line) measured at two different wavelengths: λ = 214 
nm (A) and λ = 280 nm (B). 
 
 
6.3     Synthesis of polyNIPAM amphiphiles by ATRP 
6.3.1    Introduction 
The extremely low degree of functionality of the commercial amine end-capped 
polyNIPAM that was used for the preparation of biotinylated polyNIPAM prompted us 
to look for a different route for the preparation of functionalized polyNIPAM. It was 
decided to investigate the polymerization of NIPAM from a biotin-functionalized 2-
bromoisobutyryl-initiator by ATRP, in this way ensuring that every polyNIPAM chain 
becomes functionalized with the desired end-group. 
Examples of controlled polymerization of acrylamides by ATRP in solution are limited in 
the literature and from the ones that are described it seems that such a polymerization is 
difficult to perform.12 Previous research in our group has demonstrated that a variety of 
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polymers can be prepared in DMSO by ATRP.13 Since a biotin functionalized initiator is 
expected to be soluble in DMSO and the NIPAM monomer as well, it was decided to 
apply similar conditions as used before. In the next part of this Chapter the successful 
polymerization of NIPAM from a biotinylated initiator in DMSO that indeed results in 
well functionalized biotin-polyNIPAM will be described. 
Recently, Maynard and coworkers have also reported on the formation of biotinylated 
polyNIPAM under controlled polymerization conditions.14 
 
6.3.2    Synthesis and polymerization 
The biotin functionalized initiator 6.6 was prepared by coupling the amine functionalized 
initiator 6.5 to the activated ester of the biotin compound 6.4 in DMF. Two equivalents 
of di-isopropylethylamine were used as a sterically hindered base to neutralize the HCl-
salt of the amine and to make sure that the reaction went to completion. The resulting 
crude product was purified by column chromatography (silica, 10% 
methanol/chloroform) to give 6.6 in 74 % yield. 
The polymerization of N-isopropylacrylamide (NIPAM) from biotinylated initiator 6.6 
was performed in DMSO under an argon atmosphere at 120˚C. One equivalent of the 
initiator 6.6 was used and as the catalyst 0.5 equivalent of copper(I) bromide with 0.5 
equivalent of the ligand pentamethyldiethyltriamine (PMDETA). The progress of the 
polymerization was followed by 1H NMR by determining the ratio of the peaks-integrals 
of the NIPAM for the proton at ∂ = 6.1 ppm (H1 in Scheme 6.2) and the proton at ∂ = 
3.9 ppm (H2 in Scheme 6.2). The signal of the proton at ∂ = 6.1 ppm should decrease in 
the course of the polymerisation and the signal at ∂ = 3.9 ppm should stay constant, 
since it is positioned in the side-chain of the polymer. 
The polymerization turned out to be very slow; Figure 6.7 shows the semi logarithmic 
plot of ln[M]0/[M]n vs. polymerization time which gives a straight line, indicating a 
controlled radical polymerization. 
After polymerization, the product was dissolved in dichloromethane and precipitated in 
di-isopropylether. The residu was dissolved in milliQ-water and further purified by a size 
exclusion column (G-15, milliQ-water) to remove any small molecular weight 
compounds, resulting in a fluffy off-white material (70 mg, 80%). 
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Scheme 6.2 The synthesis of biotin-functionalized initiator 6.6 and subsequent polymerization 
of N-isopropylacrylamide by ATRP. Reaction conditions: a) diisopropylethylamine (DIPEA), 
dimethylaminopyridine (DMAP) in DMF. b) pentamethyldiethylamine (PMDETA), copper(I) 
bromide in DMSO at 120 ˚C. 
 
 
 
Figure 6.7 Semi logarithmic plot of ln[M]0/[M]n vs. polymerization time for the 
polymerization of N-isopropylacrylamide  with biotin functionalized initiator 6.6. 
 
 
The biotinylated polyNIPAM was analyzed by aqueous Fast Performance Liquid 
Chromatography (FPLC), which revealed a polymer with a narrow monomodal Gaussian 
distribution without tailing, an indication that early termination during the 
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polymerization had not taken place. The polymer-fractions were collected and positively 
tested for the presence of biotin by staining the material on a TLC plate with the biotin 
indicator p-DACA (p-dimethylaminocinnamaldehyde). FPLC measurements after the 
addition of an excess of streptavidin to the biotinylated polyNIPAM, showed the 
complete disappearance of the polymer peak, proving that the functionalization of the 
biotinylated polyNIPAM was 100%. By 1H NMR it was estimated that the number 
average molecular weight (Mn) of the biotinylated polyNIPAM was 8.6 kg/mol. 
 
6.3.3    Complexation with Streptavidin 
 
 
Figure 6.8 HABA-test (A) Change of the UV-Vis absorption spectrum during the titration of the 
HABA-Streptavidin complex with polyNIPAM-Biotin. (B) Plot of the absorption at 500 nm versus 
the ratio of polyNIPAM-biotin/streptavidin. 
 
In order to investigate the streptavidin binding behavior of the biotinylated polymer 6.7, 
the HABA-streptavidin assay (Figure 6.4B, section 6.2.2) was performed. Figure 6.8A 
shows the UV-Vis spectra of the titration of a solution containing HABA and streptavidin 
with biotinylated polyNIPAM 6.7. It shows, as expected, a decrease at λ  = 500 nm and 
an increase at λ = 350 nm, due to the competition between HABA and the stronger 
binding biotinylated polyNIPAM. The titration curve at λ  = 500 nm of the HABA-
streptavidin assay is plotted in Figure 6.8B. The signal corresponding to HABAbound 
approached zero during the course of the experiment. This indicates that all four binding 
sites of streptavidin were occupied by the biotinylated polyNIPAM. This saturation point 
was reached at ca. 5 equivalents of polymer, which is higher that the expected 4 
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equivalents. This difference may be explained by the fact that the real molecular weight 
probably deviates from the molecular weight as estimated by NMR. 
 
6.3.4    Aggregation of polyNIPAM-streptavidin hybrids in  water 
 
Cloud-point measurements 
The LCST of thermo-responsive polymers is strongly dependent on the presence of salts 
or surfactants in the aqueous medium. 15 To investigate the aggregation behavior of the 
polyNIPAM biohybrid first the LCST-behavior of the synthesized polyNIPAM in aqueous 
solution and the influence of salts were studied in order to choose the right conditions for 
the aggregation studies. 
 
 
Figure 6.9 Cloud point plots (optical density versus temperature) of polyNIPAM at different 
phosphate buffer concentrations. Inset: cloud point temperature versus phosphate buffer 
concentration. 
 
 
To this end, solutions of polyNIPAM in different concentrations of phosphate buffers 
were prepared. Subsequently, the optical density of these samples was measured while 
gradually increasing the temperature. Figure 6.9 depicts the plots of the optical density 
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versus temperature showing a strong decrease in cloud point temperature at higher 
buffer concentrations. While the cloud point temperature is around 36˚C in pure water, 
it drops to 18˚C in a buffer of 0.58 M concentration. The plot of the cloud point 
temperature versus phosphate buffer concentration shows a linear behavior (inset Figure 
6.9), which is in line with results from the literature.15 
 
Because the biohybrids were purified by FPLC using a phosphate buffer as the eluent, 
they were first dialysed against pure water to remove remaining salts. Too high salt 
concentrations will lower the LCST to room temperature or below, which will 
complicate the aggregation studies 
For the free polyNIPAM in pure water the optical density started to increase at a 
temperature of 34 ˚C and increased further up to 37 ˚C. Compared to the free polymer 
in desalted water, the polyNIPAM-streptavidin hybrid showed a much broader 
temperature interval of 31˚C - 50˚C (Figure 6.10). The optical density started to 
increase at a slightly lower temperature and increased much slower compared to the free 
polyNIPAM. It is known that a change in molecular weight or dispersity does not 
substantially affect the LCST.16 The change in LCST behavior, therefore, must be 
explained by the large difference in structure, due to the attachment of the hydrophilic 
protein block. The addition of a hydrophilic block as large as the streptavidin molecule 
can make a difference, although most examples in literature report differently.10 
 
 
Figure 6.10 Cloud point plot (relative optical density [a.u.] versus temperature) of polyNIPAM-
streptavidin hybrid. 
 
 
 
 
Chapter 6 
 
148 
 
 
Transmission Electron Microscopy 
 
 
 
Figure 6.11 Transmission electron micrographs of the aggregates formed by the streptavidin-
polyNIPAM hybrids in water at 40˚C (after 2 hrs. of dialysis at room temperature). (A) membrane-
like structures. (B and C) porous irregular spherical structures. (D) networks. 
 
The aggregation behavior of the polyNIPAM-streptavidin hybrids in pure water after 
dialysis (2-24 hrs.) at elevated temperatures was studied by Transmission Electron 
Microscopy (TEM). Since the polymer is expected to collapse from solution at higher 
temperatures, samples of both polyNIPAM and polyNIPAM-streptavidin hybrids in 
water were studied just above the LCST of the polymer. A drop of the sample was 
deposited on a grid and placed in a chamber with 100% humidity at 40 ˚C (halfway the 
transition to promote reversible precipitation). The samples were kept at this 
temperature for a certain time interval (30 min.) to allow the aggregates to equilibrate 
on the surface. Subsequently, the samples were allowed to dry and studied by TEM. 
Figure 6.11 shows the aggregates formed by the streptavidin-polyNIPAM hybrids in 
water at 40 ˚C after dialysis for 2 hrs. at room temperature. The picture shows a variety 
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of aggregates from membrane-like (Figure 6.11A) to porous 100-300 nm sized irregular 
spherical-shaped structures often assembled together to form large networks (Figure 
6.11B, C and D). The aggregates formed under the same conditions (including the 
dialysis) by free polyNIPAM are shown in Figure 6.12. The same kind of porous 
assembled structures are visible but with a slightly more spherical shape than the ones 
generated by the hybrids and they are smaller in size (100-200 nm). The structures are in 
both cases not very well defined. A possible reason for this might be the presence of trace 
amounts of salts in the polymer environment, making that no equilibrium conditions are 
reached at this specific temperature, due to the lower cloud point temperature of the 
polymer. To overcome this problem, the dialysis time was increased to 24 hrs. in the 
next set of experiments. 
 
 
 
Figure 6.12 Transmission electron micrographs of the aggregates formed by polyNIPAM in water 
at 40˚C (after 2 hrs. dialysis at room temperature). 
 
 
 
Figure 6.13 Transmission electron micrographs of the aggregates formed by the streptavidin-
polyNIPAM hybrids in water at 40˚C (after 24 hrs. dialysis at room temperature). 
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Figure 6.13 shows the aggregates formed by the streptavidin polyNIPAM hybrids in 
water at 40 ˚C after 24 hrs. of dialysis at room temperature. Exclusively, 300-800 nm 
long worm-shaped architectures are visible with a diameter varying between 10 and 50 
nm in one aggregate. Remarkably, free polyNIPAM treated identically did not change its 
aggregation behavior when compared to shorter dialysis time, and still showed the 
formation of aggregates depicted in Figure 6.12. This is a strong indication that the 
formation of the short fibre-like structures is a characteristic property of the hybrid 
material. It remains difficult to explain the reason for the unusual aggregation behavior. 
The thermo-precipitation of polyNIPAM will result in the thermo-aggregation of the 
polyNIPAM-streptavidin hybrids, due to the intermolecular aggregation of the 
polyNIPAM chains upon the morphological change of this polymer. This thermo-
precipitation is a reversible process, hence the thermo-induced aggregation of the hybrids 
is expected to be a reversible process as well and choosing the right parameters should 
make it possible for the polyNIPAM streptavidin aggregates to grow towards a 
thermodynamically favourable situation. Possibly, the hybrids could not reach the 
equilibrium in the first set of experiments due to the presence of salts, which lowers the 
aggregation temperature of the system below the temperature at which the experiment 
was performed resulting in kinetically trapped architectures. In the second set of 
experiments, however, one could imagine that the hybrids were in a position to form 
thermodynamic controlled structures. During the experiment the solution containing the 
hybrids was placed in a preheated environment of 40 ˚C and, as a consequence, the 
temperature of the solution rose from room temperature to 40 ˚C. The hybrids 
containing the largest ratio of polyNIPAM to streptavidin (a result of the dispersity in 
polyNIPAM tail-length) and therefore the highest ratio of hydrophobic to hydrophilic 
part, would probably start to aggregate first generating the nucleus of the aggregate. The 
high repulsion between the relatively large hydrophobic tails might promote the 
formation of a cylindrical aggregate with a large diameter; the hybrids containing the 
smaller polyNIPAM tails may yield aggregates with a relatively small diameter. The 
combination of these two effects might result in the formation of the worm-shaped 
aggregates that have a variation in diameter in one aggregate. 
 
6.3.5    Multi-block amphiphiles by the Langmuir Blodgett technique 
In order to construct multi-block amphiphiles from streptavidin, this protein has to be 
selectively functionalized with two tails, after which the remaining two binding sites can 
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be used for the coupling of a third polymer (Figure 6.2A, route 2). It was investigated if 
polystyrene-streptavidin-polyNIPAM multi-block amphiphiles could be constructed with 
the help of an air-water interface.1 Figure 6.14 shows the strategy that was used to 
selectively functionalize the streptavidin with two polystyrene tails and two polyNIPAM 
tails. First a monolayer of biotinylated polystyrene (Mn = 9147; Mw/Mn = 1.04) was 
created on the air-water interface of the Langmuir Blodgett trough (20 ºC). 
Subsequently, streptavidin was injected in the sub-phase and equilibrated to ensure that 
all the streptavidin was coupled underneath the biotinylated monolayer. After this 
incubation period, polyNIPAM was injected in the sub-phase and allowed to complex 
with the remaining binding sites of the streptavidin. 
To investigate the binding of the separate building blocks, pressure - surface area 
isotherms were recorded at the different stages of the experiment. 
The obtained isotherm after the first step in the experiment, i.e. the formation of the 
monolayer of biotinylated polystyrene in the absence of streptavidin (Figure 6.15, solid 
line), showed a lift-off area of 4.8 nm2 and a molecular area of 3.9 nm2. The latter was 
determined by extrapolating the maximum slope of the isotherm to zero surface 
pressure. This value is in good agreement with the theoretical value of 3.93 nm2 for a 
single polystyrene chain with a similar molecular weight (Mw = 9836).
17  
 
 
 
Figure 6.14 Schematic presentation of the formation of tri-block copolymer-(streptavidin) 
amphiphiles on the air-water interface of a Langmuir Blodgett trough. 
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Figure 6.15 Plots of the Langmuir-Blodgett surface pressure-surface area isotherms of 
biotinylated polystyrene in the absence of streptavidin (solid line), biotinylated polystyrene and 
streptavidin (dashed line) and biotinylated polystyrene/streptavidin/biotinylated polyNIPAM 
(dotted line). 
 
In the next step, biotinylated polystyrene was first spread on the air-water surface and 
subsequently streptavidin (0.5 equivalents) was injected into the subphase after which 
compression was started. The surface pressure-surface area isotherm that was recorded 
after this second step (Figure 6.15, dashed line) showed a strong increase in both the lift-
off area and the molecular area per biotinylated polystyrene (17.0 and 12.0 nm2, 
respectively). Assuming that each streptavidin molecule binds to two biotinylated 
polystyrene chains, a molecular area of 24 nm2 can be deduced for the amphiphilic 
complex, which agrees well with the values of 23.5-35.7 nm2 reported for streptavidin 
itself.18 
In the third stage, after the addition of biotinylated polystyrene and streptavidin, 
biotinylated polyNIPAM (one equivalent, compared to the biotinylated polystyrene) was 
injected into the subphase (dotted line, Figure 6.15). An even more pronounced increase 
of the lift-off area and the molecular area per biotinylated polystyrene was observed, viz. 
22.5 and 20 nm2, respectively, indicating that the biotinylated polyNIPAM indeed was 
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complexed to the remaining binding sites of the streptavidin. The obtained compressed 
mono-layers proved to be stable for a period of more than 1 h. 
These monolayer experiments demonstrate that the construction of tri-block 
polystyrene-streptavidin-polyNIPAM amphiphiles on the air-water interface is feasible. 
Further experiments towards the exact structure of these complex hybrid materials, 
however, are necessary.  
 
6.4     Conclusions 
Biotin functionalized PolyNIPAM was successfully prepared by end group modification 
of polyNIPAM amine, albeit with a poor overall functionality grade, because of the low 
quality of the commercial polyNIPAM amine starting compound. The complexation of 
this polymer with streptavidin to form polymer-protein hybrids was successful as was 
demonstrated by UV-Vis titration studies, SDS-Page and FPLC. The hybrids could be 
purified from free unfunctionalized polymer by FPLC. 
A biotin functionalized initiator was successfully prepared and tested for NIPAM 
polymerization via ATRP. The polymerization of NIPAM in DMSO proceeded in a 
controlled fashion, yielding biotin functionalized polyNIPAM in 80% yield. The polymer 
could be successfully associated with streptavidin. Complexation studies of streptavidin 
with this polymer showed, as expected, that the polymer molecules contained 100% 
biotin functionalities. 
Aggregation studies of the streptavidin-polyNIPAM hybrids revealed the formation of a 
variety of rather undefined structures, probably caused by the presence of salts, when the 
aggregates were prepared after 2 hrs. of dialysis prior to the aggregate formation. After 
24 hrs. of dialysis the hybrids showed the exclusive formation of short fibre-like 
structures, which were not found for free polyNIPAM. The remarkably uniform, 300-
800 nm long, worm-shaped architectures varied in diameter from 10-50 nm in a single 
aggregate. The architectures are probably the result of a more controlled aggregation 
process of the streptavidin-polyNIPAM hybrids. 
Via the Langmuir-Blodgett technique multi-block polymer amphiphiles, containing a 
polystyrene block and a polyNIPAM block connected by the protein streptavidin could 
be successfully constructed on the air-water interface. Upon formation on the Langmuir-
Blodgett trough these complex macromolecular architectures formed stable monolayers 
at the air-water interface. 
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6.5     Experimental section 
6.5.1    General methods and materials 
Amino terminated polyNIPAM (Mn = 7110, Mw/Mn = 1.26, amine functionality >98% 
(according to the provider), see however section 6.2.1) was obtained from 
Polymersource. (+)-Biotin-4-nitrophenyl ester was purchased from Fluka. Streptavidin 
was obtained from Sigma. 4’-Hydroxyazobenzene–2-carboxylic acid (HABA) was 
obtained from Aldrich. Compound 6.5 was kindly donated by J. Opsteen. All solvents 
were distilled prior to use. All other chemicals were used as obtained, unless stated 
otherwise. Two different buffer solutions were used: Buffer A: a solution of NaH2PO4 
(50 mM), adjusted to pH = 7.2 with aqueous NaOH; buffer B: a solution of NaOAc (20 
mM), adjusted to pH = 4.6 with aqueous HCl. 
Thin layer chromatography analyses were performed on Merck precoated silica gel 60 
F254 plates using the solvent mixtures indicated: BAW (butanol/acetic acid/water = 
4/1/1, v/v/v), The spots were visualized with Cl2/TDM (chlorine gas/4,4’-
(tetramethyldiamino)-diphenylmethane coloring reagent) and/or with the biotin 
indicator p-DACA (p-dimethylaminocinnamaldehyde). 
UV-Vis spectra were measured on a Varian Cary 50 spectrophotometer. Cloud-point 
measurements were performed on a Jasco 810 CD-spectrometer. 1H NMR spectra were 
recorded on Bruker WM-200 and Bruker AC-300 instruments and 13C NMR spectra on 
a Bruker AC-300 spectrometer. GPC measurements were performed with a Shimadzu 
GPC with Shimadzu refractive index and UV-Vis detectors using THF or CHCl3 as 
mobile phases. Elemental analyses were determined on a Carlo Erba 1180 instrument.  
 
6.5.2    Syntheses 
 
Biotinylated polyNIPAM (6.3)  
To a solution of amino-terminated polyNIPAM 6.1 (Mn = 7110, Mw/Mn = 1.26) (21 
mg, 2.95×10-3 mmol) in 2 ml DMF was added  biotin-4-nitrophenyl ester 6.2 (20 mg, 
54.7×10-3 mmol) in 1 ml DMF and one droplet of a diluted triethylamine solution in 
DMF. After stirring for four days in a closed reaction vessel, the reaction mixture was 
dialyzed (spectra/por 3, MWCO 3500) against MilliQ water. The white precipitate was 
removed by centrifugation, after which the supernatant was further purified by size 
exclusion chromatography using a sephadex G15 column and MilliQ as the eluent. The 
polymer containing fractions (indicated by the formation of a cloudy solution after 
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heating and increased absorption in UV/Vis) were lyophilized, yielding 16.2 mg of 6.3 
(77%) as a white solid. The fraction of biotinylated poly(NIPAM) was 14%, as deduced 
from NMR experiments. The broad singlets at 4.54 ppm and 4.36 ppm were used for 
this analysis. The explanation for the poor yield is likely the low end-group functionality 
of the starting polyNIPAM-amine that was purchased from Polymersource (see 6.2.1). 
TLC (BAW, TDM & DACA) Rf = 0.81-0.99. 
1H NMR (400 MHz, CDCl3) δ 4.54 (bs, 
1H, CH biotin), 4.36 (bs, 1H, CH biotin), 4.00 (CHNH polymer), 2.22 (CHC(O) 
polymer), 1.63 (CH2 polymer), 1.14 (CH3 polymer) ppm. 
13C-NMR (75 MHz, CDCl3) 
δ 172.8 (NH-C(O) polymer), 42.2 (CHC(O) polymer), 41.2 (CHNH polymer), 36.8 
(CH2 polymer), 22.3 (CH3 polymer) ppm. IR (CH2Cl2) υ = 3295, 2971, 1718, 1643, 
1541 cm-1. UV (CH2Cl2) λ = 214 nm. Maldi-TOF mass spectrometry Mn = 7200 
g/mol*. 
 
Construction of the polyNIPAM-Streptavidin complex 
A crude solution of biotinylated polyNIPAM 6.3 or 6.7 (26 μL, 0.896 mM) was added to 
a solution of streptavidin (30 μL, 0.0194 mM) in a phosphate buffer solution (pH 7.2). 
These samples were used to perform FPLC and electrophoresis experiments as described 
in section 6.2.2. 
 
4-(Biotin-amino)-butyric acid (2-bromoisobutyl) ester (6.6) 
Compound 6.5 (200 mg, 0.73 mmol) was dissolved in DMF and to the solution was 
added biotin-N-hydroxysuccinimide 6.4 (262 mg, 0.73 mmol) dissolved in DMF. To the 
reaction mixture di-isopropylethylamine (0.25 ml, 1.46 mmol) was added drop-wise. 
The mixture turned yellowish orange and was stirred for 1.5 hours. Subsequently, the 
reaction mixture was poured into di-isopropylether and filtrated. The residu was purified 
by column chromatograpy (silica, eluent 10% methanol/chloroform) to yield 6.6 as an 
off-white fluffy material (250 mg, 74%). 
1H NMR (CDCl3, 300.13 MHz) δ 7.75 (t, 1H, NH), 6.35 (d, 2H, NH(biotin)), 4.28 (t, 
1H, CH(biotin)), 4.13-4.09 (1H, CH(biotin) and 2H, CH2CH2CH2O), 3.11-3.01 (m, 
1H, CHS(biotin) and 2H, CH2CH2CH2CH2O), 2.84-2.78 (dd, 1H, CH2(biotin)), 2.56 
(d, 1H, CH2(biotin), 2.04 (t, 2H, CH2CH2CH2C=O), 1.87 (s, 6H, C(CH3)2Br), 1.67-
 
 
* Endgroup analysis could not be performed, because the difference in the molecular weight of the end group of 
amino terminated polyNIPAM and that of biotinylated polyNIPAM is equal to the molecular weight of two 
polymer repeat units. 
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1.28 (10H, CH2CH2CH2CH2C=O and CH2CH2CH2CH2O) ppm. 
13C NMR (CDCl3, 75 
MHz) δ 171.4, 162.2, 161.8, 65.22, 60.9, 59.1, 57.3, 55.4, 35.8, 35.2, 30.8, 30.3, 
28.3, 25.6 ppm. 
 
Typical ATRP procedure for N-isopropylacrylamide polymerization 
A Schlenk tube was charged with the initiator and CuBr and vacuum-Argon refilled three 
times. Subsequently, the tube was capped with a septum and PMDETA, NIPAM and 
DMSO were added. The resulting mixture was stirred until all components were well 
dissolved and was subsequently purged with argon for 5 min. Next, the tube was placed 
in an oil bath with a temperature of 120 °C and the reaction mixture was sampled 
periodically to determine the ratio of two characteristic peaks in the 1H NMR spectrum 
at δ = 6.1 ppm (peak decreases upon polymerization) and at δ = 3.9 ppm (peak remains 
constant during polymerization), which indicated the progress of the polymerization 
reaction. After polymerization the reaction mixture was dissolved in dichloromethane 
and precipitated in di-isopropylether. 
 
Biotin-polyNIPAM prepared by ATRP (6.7) 
After ATRP polymerization the polymer 6.7 was dissolved in dichloromethane and 
precipitated in di-isopropylether. The residu was dissolved in milliQ-water and further 
purified by a size exclusion column (G-15, milliQ-water). The polymer containing 
factions were collected and freeze dried, resulting in a fluffy off-white material (70 mg, 
80%). 
1H NMR (CDCl3, 300.13 MHz) δ 4.54 (bs, 1H, CH biotin), 4.36 (bs, 1H, CH biotin), 
4.00 (CHNH), 2.22 (CHC(O)), 1.63 (CH2), 1.14 (CH3) ppm. 
13C-NMR (75 MHz, 
CDCl3) δ 172.8 (NH-C(O) polymer), 42.2 (CHC(O) polymer), 41.2 (CHNH 
polymer), 36.8 (CH2 polymer), 22.3 (CH3 polymer) ppm. Mn = 8.6 kg/mol. 
  
6.5.3    HABA-streptavidin assay 
All the solutions were buffered with 0.05 M Na2H2PO4 and adjusted to pH 7.2 with 
NaOH. To 600 μl streptavidin solution (2.14.10-5 M) small aliquots of 5 μl of a HABA 
solution (1.33.10-3 M) were added untill the UV-Vis absorbances at 500 and 350 nm 
reached values of 0.4 and 0.6, respectively (total added volume 20 μl). Subsequently, 
(for the polyNIPAM prepared by end-group modification) 135 μl (biotinylated 
polyNIPAM) and 60 μl (unmodified polyNIPAM) of the polymer solutions (3.39.10-3 
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and 7.81.10-4 M, respectively) were added in aliquots of 5 μl, while monitoring the UV-
Vis absorbance  at λ = 650-200 nm. For the polyNIPAM prepared by ATRP, 70 μl of 
the polymer solution (1.5.10-3 M) was added in aliquots of 5 μl. The spectra were 
corrected for dilution.  
 
6.5.4    Fast Performance Liquid Chromatography (FPLC) 
FPLC was performed with a Pharmacia Biotech Smart System equipped with a superdex 
200 column using phosphate buffer (pH = 7.2, 0.5M) as the eluent. The measurements 
were performed at 10ºC, recording the UV-absorptions at 214 and 280 nm and 50 μl 
samples in a 0.05 M phosphate buffer (pH 7.2) were injected. In every sample the 
concentration of streptavidin was 0.0104 mM and the concentration of polymer was 
0.416 mM. 
 
6.5.5    SDS-PAGE 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using a 15% 
polyacrylamide gel containing 1 % SDS. The samples loaded in the gel were not heated 
and not treated with β-mercapto-ethanol (this to prevent the streptavidin to become 
damaged) and were prepared in 0.05M phosphate buffer (pH 7.2). In every sample the 
concentration of streptavidin was 0.0104 mM and the concentration of polymer was 
0.416 mM. 
 
6.5.6    Electron microscopy studies 
The samples were dialyzed against ultra pure water to remove salts. All the material that 
was used during sample preparation was kept at 40˚C in the oven. The grids were 
positioned in a water-saturated environment inside the oven, formed by a glass box 
containing a water reservoir at the bottom of the box, to prevent the aggregate solutions 
on the grid to dry out. A drop from the sample solution (1.16.10-4 mM) was positioned 
on the carbon-coated grid using a syringe. The waiting time for the aggregates to 
equilibrate on the grid was 30 min, after which the excess solution was drained from the 
grids with a filter paper. Shadowing of the grids was performed by platinum evaporation 
(under an angle of 45˚, layer thickness 2 nm). The grids were analyzed by TEM. TEM 
images were obtained with a JEOL JEM-1010 microscope (60 kV) equipped with a CCD 
camera. 
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6.5.7    Langmuir Blodgett experiments 
The biotinylated polystyrene (Mn = 9147; Mw/Mn = 1.04) was spread from a 
chloroform solution (typically 1×10-4 M) onto the air-water interface of a thermostatted 
(20.0 ± 0.1ºC, Lauda RM6) double barrier R&K trough (6×25 cm). Ultra pure water 
was used as the subphase. After incubation (15 min.) the layer was compressed at a speed 
of 0.7 cm2 min-1. For the construction of the giant amphiphiles 0.5 molecular equivalent 
of a buffered aqueous streptavidin solution (typically 1×10-5 M) was injected into the 
subphase before compression (compression was started after an incubation period of 1 
h). For the tri-block amphiphiles, before compression a buffered aqueous streptavidin 
solution (typically 1×10-5 M) and subsequently, after an incubation period of 1 h., a 
biotinylated polyNIPAM solution was injected into the subphase. In this experiment the 
system was allowed to equilibrate for an additional 1 h. before compression was started. 
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Polymer based amphiphiles (e.g. amphiphilic diblock copolymers) show a remarkable 
broad variety of morphologies upon self-assembling in solution. The most frequently 
observed architectures are cylindrical and spherical micelles and vesicular structures, 
often called polymersomes. In the search of robust self-assembled functional systems, 
this thesis describes how the self-assembling properties of polymer based amphiphiles can 
be combined with functional groups like metallo-porphyrin units.  The aggregation 
properties of a series of polymer based macromolecules are studied as well as the 
catalytic properties of manganese-porphyrin-polystyrene amphiphiles. 
Chapter 2 reports mainly on the synthesis and the aggregation studies of model low 
molecular weight porphyrin amphiphiles as well as polystyrene based porphyrin 
amphiphiles. First, amphiphiles with apolar C16-alkyl tails and cationic pyridine 
porphyrin head groups were successfully synthesized. The observed self-assembled 
architectures formed by these low molecular weight amphiphiles in aqueous environment 
showed a strong dependence on many different factors, such as the environment and the 
type of counter ion. The catalytic properties of the manganese porphyrin amphiphiles 
were studied in aqueous environment. It was found that the C16-alkyl tail modified 
catalysts showed relatively low reaction rates compared to the reference catalyst 
manganese tetrakis(N-methylpyridyl)porphyrin. 
The search for a more robust catalytic system prompted us to concentrate more on 
polymer based amphiphiles. Triple pyridine and triple cationic methyl-pyridine 
porphyrins equipped with polystyrene tails were synthesized by end-group modification.  
The morphology of the aggregates, which were prepared by the slow addition of water 
to a THF solution containing the cationic porpyrin polystyrene amphiphiles, showed a 
strong dependence on the water content. A large variety of self-assembled structures 
were formed varying from fibres to vesicular and lamellar structures. Only one type of 
aggregates was observed upon the fast injection of a THF solution containing the cationic 
amphiphilic macromolecule into warm water, i.e. vesicular structures and self-assembled 
vesicles. The different aggregates all result from the self-assembling properties of the 
probably face-to-face stacked cationic porphyrin head groups, present in the corona of 
the aggregate, which shield the apolar polystyrene tails from the polar environment. The 
addition of the bidentate ligand 1,4-diaza(2,2,2)bicyclooctane to the manganese 
porphyrin polystyrene amphiphiles, caused a frustrated aggregate growth resulting in the 
formation of exclusively bowl-shaped aggregates. It was shown that porphyrin 
polystyrene molecules could be incorporated into giant polymersomes prepared from 
Summary 
 
162 
 
thiophene polyisocyanide polystyrene in THF/water mixtures, as was proven by single 
vesicle fluorescence measurements. These experiments were carried out as a first step 
towards the preparation of stable and catalytically active polymersomes. 
The synthesis of polystyrene based porphyrin amphiphiles by end group modification, as 
described in Chapter 2, proved to be rather difficult, because of problems with the 
purification of the intermediate- and end-products and the yields of some of the reaction 
steps. Therefore, another route towards the preparation of polymer based amphiphiles 
was investigated, as is described in Chapter 3. A variety of metallo-tritolylporphyrin 
based initiators for Atom Transfer Radical Polymerization (ATRP) were synthesized and 
a controlled polymerization of styrene was performed, resulting in well functionalized 
metallo-porphyrin polystyrenes with low polydispersities. The scope of the ATRP route 
to obtain functionalized polymers was enlarged by the successful polymerization of 
metylmethacrylate (MMA). In addition, the controlled polymerization of styrene from a 
di-pyridine functionalized porphyrin initiator was shown to be possible, despite the 
presence of the coordinating pyridines. These results demonstrate the wide applicability 
of ATRP in the synthesis of polymer hybrid amphiphiles. 
As a side project the polymerization of an isocyanopeptide from a porphyrin 
functionalized nickel complex was carried out resulting in porphyrin-polyisocyanopetide 
hybrids. The molecular weight distribution of the polymer could be studied by AFM. 
These macromolecules were found to self-assemble in chloroform/methanol mixtures 
into interesting fibre-like aggregates, as was shown by TEM and SEM studies. 
More insight into the aggregation behaviour of the polystyrene based macromolecules as 
prepared by ATRP, was obtained by studying the self-assembly of Cu-, Pt- and Mn-
porphyrin polystyrenes. These studies are described in Chapter 4. Cu-porphyrin 
polystyrene exclusively formed small monodispersed spheres (20-35 nm) when a 
solution of the macromolecules in THF was injected into warm water, while other 
aggregate-preparation methods mainly resulted in disordered phase-separated structures. 
For the Pt-porphyrin polystyrene, this particular aggregation was not observed, even not 
when precisely the same aggregate preparation procedure as for Cu-porphyrin 
polystyrene was applied. These results demonstrate that many factors, including the 
presence of different metals inside the porphyrin core, the polymer tail-length and 
dispersity have a large influence on the morphology of the self-assembled structures. 
Aggregation studies on the Mn-porphyrin polystyrene showed that the morphology of 
the architectures formed in water is controlled by the polystyrene tail length: the fraction 
with the longest tail formed small spherical micellar aggregates whereas the fraction with 
the shortest polystyrene tail yielded large spherical architectures 0.5 to 2 μm in size. 
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Chapter 4 also describes the catalytic studies that were performed with a variety of 
manganese porphyrin polystyrenes. In a two-phase system (CH2Cl2/water), manganese-
tritolylporphyrin polystyrene successfully catalyzed the epoxidation of cis-stilbene with 
hypochlorite as oxygen donor. Catalytic studies in aqueous environment with this 
catalyst were less successful: activation of the catalyst was always observed but 
conversion of the substrate remained low and varied only from 0 – 5 % (for 
carbamazepine (substrate) and oxone (oxygen donor)). With the manganese-pyridine 
porphyrin- and trimethylpyridine porphyrin-polystyrenes systems more successful 
catalysis in aqueous environment was observed. Using the combination of oxone and 
carbamazepine, conversions up to 32% could be obtained. 
Phthalocyanine functionalized polystyrenes could be prepared by the polymerization of 
styrene from phthalocyanine functionalized initiators by ATRP, as is described in 
Chapter 5. The aggregates formed by these macromolecules in chloroform/methanol 
mixtures were studied by UV-Vis and Transmission Electron Microscopy (TEM). UV-
Vis studies indicated that in these aggregates the phthalocyanines were present in the 
form of small stacks. It was shown that the phthalocyanines with relatively long 
polystyrene tails formed large phase separated spheres and the ones with relatively short 
polystyrene tails small spherical (vesicle-like) structures, 20 - 80 nm in size. The 
formation of a liquid crystalline phase by the phthalocyanine equipped with a short 
polystyrene tail could be demonstrated with polarizing microscopy. 
Chapter 6 deals with thermosensitive poly-N-isopropylacrylamide (polyNIPAM) as a 
building block for the construction of polymer amphiphiles. This polymer was chosen in 
order to be able to induce a controlled aggregation process by applying a small 
temperature change. Biotin functionalized polyNIPAM could be prepared by end-group 
modification but the functionalization grade was poor. Therefore, an initiator for ATRP 
was equipped with a biotin functionality and subsequently NIPAM was polymerized from 
this initiator, resulting in well-defined biotin functionalized polyNIPAM. The 
biotinylated polyNIPAM subsequently was complexed with Streptavidin to form a giant 
amphiphile. The aggregates that were formed by these hybrids in water at 40 °C were 
studied by TEM. Remarkable aggregation behaviour, i.e.: 300-800 nm long, worm-
shaped morphologies that varied in diameter from 10-50 nm in a single aggregate was 
observed. Chapter 6 finally shows that multi-block polymer amphiphiles containing 
polystyrene and polyNIPAM blocks connected by the protein Streptavidin can be 
successfully constructed on the air-water interface with the help of a Langmuir-Blodgett 
trough. 
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During the research described in this thesis it was decided to develop functional 
aggregated systems based on polymers in order to create robust aggregates: aggregates 
that can stay intact during a time-period of e.g. a catalytic reaction. The first chapters in 
this thesis show how the first step in this research is performed; namely the synthesis of 
polymers containing a functional property. First, the use of end-group modification was 
explored in the synthesis of these polymers, after which the use of ATRP was 
investigated and successfully applied for the synthesis of polymers with one functional 
end group. Further research towards the aggregation behavior and catalytic properties of 
the synthesized polymers showed that the development of robust systems brought about 
the disadvantage of rigidity of the aggregates. As a result the aggregated system can lose 
the function that is desired. The flexibility of the system can be improved by using the 
right head group for the amphiphilic polymer. From this research it can be concluded 
that porphyrins (and phthalocyanines) can be used as a head group but that the 
substituents of the porphyrin will often determine the rate of success. The possibility of 
the head groups to self-aggregate can be an advantage in the formation of stabile 
aggregates. A disadvantage is that the catalytic centres in the aggregate may be more 
difficult to approach. Furthermore, it is important that the position of the catalytic 
centres towards each other will not lead to deactivation of the catalyst, e.g. by the 
formation of μ-oxo dimers. 
It can be concluded that polymers with functional end groups can exhibit interesting 
aggregation behavior. A small change in molecular structure can result in a broad variety 
of aggregate morphologies. The shape of the aggregates can be influenced by variation in 
the structure of the molecule, e.g. the ratio head to tail, and the environment of the 
polymer (variation of the solvent). Further research and fine-tuning of the structure of 
the functional polymers will teach us how the robustness of a polymer compound can be 
efficiently combined with the flexibility that is necessary to obtain a functional system. 
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Samenvatting 
 
Wanneer amfifiele moleculen die gebaseerd zijn op polymeren (bijvoorbeeld amfifiele 
diblok-copolymeren) gedispergeerd worden in een oplosmiddel, vertonen de gevormde 
aggregaten vaak een brede variatie aan morfologieën. De structuren die het meest 
worden waargenomen zijn cilindrische en sferische micellen alsmede vesiculaire 
aggregaten, ook wel “polymersomes” genoemd. In dit proefschrift wordt beschreven hoe 
de zelfaggregerende eigenschappen van polymeren kunnen worden gecombineerd met 
functionele groepen zoals metalloporfyrines met als doel het ontwerpen van robuuste 
zelfaggregerende functionele systemen.  
Hoofdstuk 2 beschrijft de synthese en het aggregatiegedrag van een laag moleculair 
porfyrine-amfifiel. Amfifielen met een apolaire alkylstaart en een kationische 
pyridineporfyrine-kopgroep werden met succes gesynthetiseerd. De vorm van de 
aggregaten, die in water werden gevormd door de laag moleculaire porfyrine amfifielen, 
was afhankelijk van verschillende factoren, zoals de directe omgeving van het amfifiel en 
het type tegenion. De katalytische eigenschappen van de mangaanporfyrine-amfifielen in 
de epoxidatie van alkenen werden bestudeerd in een waterige omgeving. Porfyrines met 
een alkylstaart vertoonden een relatief lage reactiesnelheid in vergelijking met de 
referentie verbinding mangaan tetrakis(N-methylpyridyl)porphyrine. 
Gezien de teleurstellende resultaten met de laagmoleculaire mangaanporfyrine-amfifielen 
werd het onderwerp van het onderzoek verschoven in de richting van amfifiele 
polymeren. Door middel van eindgroep-modificatie werden polystyreen-
gefunctionaliseerde porfyrines met drie pyridine-groepen of met kationische pyridine-
substituenten, gesynthetiseerd. Het uiterlijk van de aggregaten die gevormd werden 
door water toe te voegen aan een THF-oplossing van deze polymeren, bleek sterk 
afhankelijk te zijn van de gebruikte verhouding water/THF. De aggregaten die werden 
waargenomen varieerden van fibers tot vesiculaire en lamellaire structuren. Wanneer het 
kationische amfifiele polymeer door middel van een snelle injectie vanuit THF in warm 
water werd gebracht, ontstonden louter vesicles en geaggregeerde vesiculaire structuren. 
De verschillende typen aggregaten die gevormd werden, zijn een gevolg van het feit dat 
de kationische porfyrine kopgroepen in de corona van het aggregaat face-to-face 
gestapeld zijn en de apolaire polystyreen groepen van het aggregaat afschermen voor de 
polaire omgeving. Toevoeging van het bidentaat ligand 1,4-diaza(2,2,2)bicyclo-octaan 
aan de mangaanporfyrinepolystyreen amfifielen resulteerde in een gefrustreerde 
aggregaatgroei, met als gevolg de formatie van bowl-shaped (schaalvormige) aggregaten. 
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Porfyrine-polystyreenmoleculen kunnen worden ingebouwd in grote polymeersomen 
afgeleid van thiofeen-polyisocyanide polystyreen blok-copolymeren in water/THF 
mengsels, zoals blijkt uit single-vesicle fluorescentie metingen. Deze experimenten 
werden uitgevoerd als een eerste stap in de ontwikkeling van stabiele, katalytisch actieve 
polymeersomen.  
De synthese van porfyrinepolystyreen amfifielen via eindgroep-modificatie, zoals 
beschreven in hoofdstuk 2, bleek moeilijk door de lastige opzuivering van tussen- en 
eindproducten en de lage opbrengsten van sommige reactiestappen. Daarom werd een 
andere route voor de synthese van functionele polymeren onderzocht, zoals in hoofdstuk 
3 wordt uitgelegd. Een serie metallotritolylporfyrine-gefunctionaliseerde initiatoren 
voor “Atom Transfer Radical Polymerisation” (ATRP) werd gesynthetiseerd, waarna met 
deze initiatoren een gecontroleerde polymerisatie van styreen werd uitgevoerd. Dit 
resulteerde in de vorming van gefunctionaliseerde metalloporfyrinepolystyrenen met 
lage polydispersiteit. De scope van de ATRP-route voor de synthese van functionele 
polymeren kon worden verbreed door een succesvolle polymerisatie van 
methylmethacrylaat (MMA) uit te voeren. Tevens werd aangetoond dat het mogelijk was 
een gecontroleerde polymerisatie van styreen vanaf een dipyridine-gefunctionaliseerde 
porfyrineverbinding te initiëren, ondanks de aanwezigheid van de coördinerende 
pyridines. Deze resultaten laten de brede toepasbaarheid van ATRP in de synthese van 
polymere hybriden zien. 
Als bijproject werd de polymerisatie van een isocyanopeptide uitgevoerd en wel vanaf 
een nikkelcomplex dat was gefunctionaliseerd met een porfyrine, hetgeen resulteerde in 
de vorming van een porfyrine-polyisocyanopeptide hybride. De molecuul-
gewichtsverdeling van dit polymeer werd bestudeerd met AFM. Transmissie Elektronen 
Microscopie (TEM) en Scanning Elektronen Microscopie (SEM) studies lieten zien dat de 
hybriden zelf-assemblage vertoonden tot fiberachtige structuren in mengsels van 
chloroform en methanol. 
Om meer inzicht te krijgen in het aggregatiegedrag van de macromoleculen die waren 
gesynthetiseerd via ATRP, werden Cu-, Pt- en Mn-porfyrine polystyrenen bestudeerd. 
Dit onderzoek staat beschreven in hoofdstuk 4. Cu-porfyrine-polystyreen vormde, 
wanneer een THF-oplossing van deze macromoleculen in warm water werd 
geïnjecteerd, kleine monodisperse micellen (20 – 35 nm), zoals met TEM kon worden 
waargenomen. Andere bereidingswijzen van de aggregaten resulteerden vooral in 
ongeordende, fase-gescheiden structuren. Het Pt-porfyrinepolystyreen vertoonde geen 
aggregatie tot micellen, zelfs niet wanneer precies dezelfde bereidingswijze van de 
aggregaatoplossingen werd gehanteerd als bij het Cu-porfyrinepolystyreen. Deze 
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resultaten laten zien dat veel factoren, zoals de aanwezigheid van het type metaal in het 
centrum van de porfyrine-ring, de lengte van het polymeer en de dispersiteit, een grote 
invloed kunnen uitoefenen op het aggregatiegedrag van deze hybride macromoleculen. 
Onderzoek naar het aggregatiegedrag van Mn-porfyrine-polystyreen liet zien dat de 
morfologie van de aggregaten gecontroleerd kon worden door de lengte van de 
polystyreenstaarten te varieren: het polymeer met de langste polystyreenstaarten gaf 
kleine sferische deeltjes terwijl het polymeer met de kortste polystyreenstaarten 
bolvormige structuren met een grootte van 0.5 tot 2 μm vormde. 
In hoofdstuk 4 staan de katalytische studies beschreven die zijn uitgevoerd aan een serie 
Mn-porfyrine-polystyrenen. In een tweefase systeem (CH2Cl2/water) bleek Mn-
tritolylporfyrinepolystyreen een succesvolle katalysator te zijn voor de epoxidatie van cis-
stilbeen met hypochloriet als de zuurstofdonor. De katalyse-experimenten die met deze 
katalysator in een waterige oplossing werden uitgevoerd waren minder succesvol: 
alhoewel activatie van de katalysator altijd werd waargenomen, bleef de hoeveelheid 
omzetting van het substraat erg laag (0 - 5 %, met carbamazepine als substraat en oxone 
als zuurstofdonor). Met de Mn-pyridineporfyrine- en trimethylpyridineporfyrine-
polystyreen-katalysatoren in een waterige omgeving werd een beter resultaat bereikt. 
Met de combinatie van carbamazepine en oxone werden omzettingen tot 32 % 
gerealiseerd. 
Hoofdstuk 5 beschrijft de synthese van ftalocyanine-gefunctionaliseerde polystyrenen 
door middel van ATRP via initiatoren die gefunctionaliseerd waren met een ftalocyanine. 
De aggregaten die door deze macromoleculen werden gevormd in chloroform/methanol 
mengsels werden bestudeerd m.b.v. UV-Vis en TEM. UV-Vis studies lieten zien dat in 
deze aggregaten de ftalocyanines aanwezig zijn in de vorm van korte stapelingen. De 
ftalocyanines met relatief lange polystyreenstaarten vormden grote fasegescheiden 
bollen, terwijl de verbindingen met relatief korte polystyreenstaarten kleine ronde 
(waarschijnlijk vesiculaire) structuren lieten zien (20 - 80 nm). Met 
polarisatiemicroscopie kon de vorming van een vloeibaar kristallijne fase worden 
vastgesteld bij het ftalocyanine met een korte polystyreenstaart. 
In hoofdstuk 6 worden de studies beschreven waarbij het “Lower Critical Solution 
Temperature”(LCST)-polymeer poly-N-isopropylacrylamide (polyNIPAM) wordt 
gebruikt als bouwsteen voor de constructie van amfifielen. Dit polymeer werd toegepast 
om een controleerbaar aggregatieproces te kunnen verkrijgen door middel van kleine 
temperatuursveranderingen. Met behulp van eindgroepmodificatie kon een biotine 
gefunctionaliseerde polyNIPAM worden gesynthetiseerd, echter met een lage mate van 
functionalisering. Om dit te verbeteren werd een initiatorverbinding voor ATRP 
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uitgerust met een biotine-eenheid, waarna NIPAM werd gepolymeriseerd vanaf deze 
initiator. Dit resulteerde in een goed gedefinieerde biotine-gefunctionaliseerd 
polyNIPAM. Het biotine-polyNIPAM werd vervolgens aan streptavidine 
gecomplexeerd. De aggregaten die door deze polyNIPAM-streptavidine hybriden in 
water bij 40°C werden gevormd, zijn bestudeerd met TEM. Een opmerkelijk 
aggregatiegedrag werd waargenomen, namelijk de vorming van 300 – 800 nm lange 
wormachtige structuren, variërend in diameter van 10 – 50 nm  binnen één aggregaat. 
Hoofdstuk 6 laat verder zien dat multi-blok amfifiele polymeren bestaande uit 
polystyreen, polyNIPAM en streptavidine, kunnen worden geconstrueerd op een lucht-
water grensvlak met behulp van een Langmuir-Blodgett trough. 
 
Tijdens het onderzoek dat beschreven staat in dit proefschrift, is gekozen om functionele 
geaggregeerde systemen op basis van polymeren te ontwikkelen. Het doel was om 
robuuste aggregaten te verkrijgen: aggregaten die intact kunnen blijven gedurende de 
tijdsspanne van bijvoorbeeld één katalytische reactie. De eerste hoofdstukken van dit 
proefschrift laten zien hoe de eerste hindernis in het onderzoek, namelijk de synthese van 
een polymeer met een functionele eigenschap, genomen kon worden. Nadat eerst de 
voor- en nadelen van eindgroepmodificatie van polymeren waren onderzocht, is de 
toepassing van onder andere ATRP voor de synthese van polymeren met één enkele 
functionele eindgroep onderzocht en succesvol uitgevoerd. Verder onderzoek naar het 
aggregatiegedrag en de katalytische eigenschappen van de gesynthetiseerde polymeren 
laat zien dat de ontwikkeling naar meer robuuste systemen als nadelig neveneffect de 
rigiditeit van het uiteindelijke aggregaat heeft. De gewenste functie van het uiteindelijke 
systeem kan daarmee in gevaar worden gebracht. De flexibiliteit kan worden verbeterd 
door de juiste kopgroep voor het amfifiele polymeer te gebruiken. Uit dit onderzoek 
blijkt dat porfyrines (en ftalocyanines) als een dergelijke kopgroep kunnen dienen, maar 
dat de substituenten aan het porfyrine vaak bepalend zijn voor het wel of niet behalen van 
het beoogde doel. De mogelijkheid van de kopgroepen om zelf te aggregeren kan een 
voordeel opleveren bij het vormen van een stabiel aggregaat. Een nadeel is echter dat de 
katalytisch actieve centra in het aggregaat moeilijker benaderbaar worden. Tevens is het 
belangrijk dat de onderlinge posities van de katalytische centra in het aggregaat niet tot 
deactivatie van de katalysator leiden, bv. Door de vorming van μ-oxo-dimeren.  
Er kan worden geconcludeerd dat polymeren met functionele eindgroepen vaak 
interessant aggregatiegedrag kunnen vertonen. Slechts een kleine verandering van de 
basisstructuur geeft een brede variatie aan aggregaatmorfologieën. De vorm van de 
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aggregaten blijkt beïnvloedbaar door kleine aanpassingen, b.v. de verhouding kop-staart 
en de omgeving waarin het polymeer zich bevindt (variatie van het oplosmiddel). Verder 
onderzoek, met name fine-tuning van de structuur van de functionele polymeren zal 
moeten uitwijzen hoe robuustheid van de polymere verbinding op efficiënte wijze kan 
worden gecombineerd met de flexibiliteit die vaak nodig is om het systeem een functie te 
geven. 
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De totstandkoming van dit boekje heeft even geduurd maar hier ligt het dan. Er zijn veel 
mensen die tijdens de promotieperiode ertoe hebben bijgedragen om tot dit punt te 
komen en deze mensen zou ik dus ook graag willen bedanken. 
In de eerste plaats prof. Roeland Nolte, dank je wel dat je mijn promotor wilde zijn 
gedurende dit onderzoek. Bedankt voor je eerlijkheid en betrokkenheid gedurende de 
jaren dat ik op de afdeling rondliep. Mijn andere promotor, Alan Rowan, wil ik ook 
graag bedanken, voor zijn enthousiasme in de chemie en daarbuiten en zijn altijd 
optimistische instelling. Dank aan jullie beide voor de vele dingen die ik van jullie 
geleerd heb, jullie leeswerk en meedenkwerk. 
Jeroen Cornelissen, mijn copromotor, verdient zeker een speciaal woord van dank. Jij 
kwam pas later tijdens dit onderzoek in beeld maar je hebt mij vanaf dat belangrijke 
moment veel bijgestaan. Bedankt voor je steun, het leeswerk en de nuttige discussies. 
Tijdens de periode dat ik aan dit onderzoek werkte, zijn er een paar studenten geweest 
die ik met plezier heb mogen begeleiden. Allereerst was daar Marta, een Spaanse 
Erasmus studente die ons in het UL kwam verblijden met haar vrolijke aanwezigheid. 
Marta, ik ga je gewoon in het Nederlands bedanken, want ondanks dat we nog steeds 
meestal in het engels spreken, ben jij al volleerd in de Nederlandse taal. Dank je wel 
voor al je werk aan de temperatuurgevoelige polymeren, ik vond het erg leerzaam en 
gezellig om met je samen te werken. Je doorzettingsvermogen en je sociale instelling 
zullen mij altijd bijblijven. Ik ben blij dat je mij terzijde wilt staan als mijn paranimf en 
wens je veel succes toe bij het afronden van je eigen promotieonderzoek. In dezelfde 
periode was daar ook de Spaanse Eli, die gedurende drie maanden bij ons verbleef. Eli, 
thanks for the studies you performed on the temperature-sensitive polymers. Your 
presence in the lab was a short but very pleasant period, which we enjoyed very much. 
Als laatste kwam Jos naar het UL om zijn HBO-stage te doen, waarbij hij gewerkt heeft 
aan polymerisatiereacties van NIPAM onder de bezielende begeleiding van Lee Ayres. 
Hartelijk dank voor jullie bijdrage. 
Ik wil ook graag de volgende onmisbare mensen bedanken. Ad voor de NMR-
ondersteuning, Peter en Hélène voor de massabepalingen en de elementanalyses. Peter 
en zijn voorganger Chris voor alle dingen (kolven!) die we nodig hadden voor het 
uitvoeren van onze werkzaamheden in het lab. Ook wil ik Desiree graag bedanken voor 
de ondersteuning op secretarieel gebied. Verder veel dank aan Huub Geurts voor al zijn 
microscopie-lessen (TEM en SEM) en Liesbeth en Rien voor hun hulp bij de 
lichtmicroscopie en de FPLC. 
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Ik begon mijn promotietijd in het UL op de eerste verdieping waar ik een kamer deelde 
met Bart. Daar werd heel wat afgepraat onder het genot van flinke hoeveelheden drop. 
Verder liepen daar toendertijd nog rond: Hans Adams, Martin, Bastienne, Palli, en 
Paula. Na mijn verhuizing naar de begane grond kwam ik bij een bijzondere groep jonge 
onderzoekers terecht: Gerald, Hans El, Johan H, Johan V, Marga, Matthijs, Onno, 
Richard en Ruud, die de plaats hadden ingenomen van de “oude garde”: Ed, Alex, Rob, 
Vera en Jantien. Dit was een zeer gezellige tijd: de regelmatige vette-hap-borrels en 
barbecues, het wekelijkse voetbal in het park en natuurlijk het jaarlijkse Tour-de-France-
spel. Ook de groepsleden van het “andere lab” en de collega’s die ons in het nieuwe 
gebouw kwamen vergezellen wil ik niet nalaten te noemen: Jurry, Pieter, Pili, Dennis, 
Aurélie, Irene, Raquel, Eva, Pedro, Henar, Ribera, Ton, Hans Eng, Sander, Dennis L, 
Mark, Nuria, Paul T, Paul vG, Friso, Alexander en Erik. Daarbij wil ik Irene, Jurry, 
Dennis, Gerald en Paul graag bedanken voor het samen prutsen aan moleculen. 
In de avonduren was er altijd de vaste groep vrienden voor een potje hoog-niveau 
poolen, even naar de film of gewoon wat drinken in de Opera. Paul vG, Ed, Gerald, 
Mark, het was altijd weer te gezellig. Gerald: jij maakte altijd tijd voor een gezamelijk 
bakje, leuk dat je mijn paranimf wilt zijn. 
Naast al deze goede collega’s en vrienden zijn er nog een paar mensen te noemen die 
voor mij altijd heel belangrijk zijn geweest en die dat ook altijd zullen blijven: mama, 
papa, mijn beide zussen en mijn schoonfamilie. 
Uiteindelijk kom ik er dan nu aan toe om mijn grootste vriend te bedanken. Tjerk: jij 
bent de liefde van mijn leven en mijn steun en toeverlaat. Heerlijk om met jou het leven 
te mogen delen waarin sinds kort ook plaats is gekomen voor onze zoon Tijs. 
 
 
 173 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Curriculum Vitae 
 
174 
 
Curriculum Vitae 
 
Femke de Loos werd geboren op 11 oktober 1976 te Venray. Ze behaalde haar VWO-
diploma in 1995 aan Scholengemeenschap de Delta te Leeuwarden. Vervolgens is ze in 
september van dat jaar begonnen met de studie Scheikunde aan de toenmalige Katholieke 
Universiteit Nijmegen. Ze behaalde de propadeuse in 1996 en studeerde in oktober 2000 
af met als hoofdrichting organische chemie in de groep van Prof. Dr. R.J.M. Nolte. 
Aansluitend is ze begonnen aan haar promotieonderzoek op dezelfde afdeling en sinds 
oktober 2006 is ze werkzaam als onderzoeks- en proces engineer bij Lankhorst te Sneek. 
 
